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ABSTRACT 


Several new methionyl-tRNA synthetase (metG) mutants of 
E. colz, which require methionine for growth, were isolated. The 
methionine requirement of these mutants was shown to be due to a 
decrease in the affinity of the methionyl-tRNA synthetase for 
methionine. These mutants undergo spontaneous reversions which 
relieve the growth requirement for methionine. A detailed analysis 
of the mechanisms by which one of these metG mutants reverts to a 
met” phenotype revealed two classes of revertants: (i) Revertants 
of the first class exhibit constitutive synthesis of the methionine 
biosynthetic enzymes due to a metd regulatory mutation; (ii) 
Revertants of the second class have undergone a reversion which 
results in partial or complete restoration of methionyl-tRNA synthetase 
activity. 

Several of the revertants of the second class were shown 
to require the presence of a wild type reZA gene for maintenance of 
the met” phenotype. The analysis of this effect resulted in the 
discovery that the synthesis of the methionine biosynthetic enzymes 
is under a positive form of regulatory control involving the relA 


gene. 
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INTRODUCTION 


Genetic analysis of the regulation of metabolic pathways in 
bacteria has generally been directed towards the elucidation of the 
pathway-specific regulatory mechanisms governing the synthesis or 
degradation of a particular metabolite. In most cases it has been 
found that one of the substrates or the product of the pathway interacts 
with a regulatory macromolecule, generally a protein, to effect trans- 
criptional control of the genes involved in the pathway. The specific 
mechanisms, which are very diverse and include botn positive and 
negative control systems, are described in detail in recent reviews by 
Beckwith and Rossow (1974), and Gots and Benson (1974). The recently 
elucidated mechanism of activation-attenuation is described by Bertrand 
et al. (1975), and Artz and Broach (1975) for the trp and his operons 
respectively. 

The first evidence for an integrated form of cortrol, in 
which unrelated pathways are subject to control by a common regulatory 
element, was the elucidation of the role of cyclic 3:5 -adenosine 
monophosphate: (cAMP) as a positive regulator of the catabolite sensitive 
renee In this regulatory system, cAMP (which is not a substrate or a 
product of any of the pathways involved) interacts with the catabolite 
gene activator protein (CAP) to stimulate transcription of the 
catabolite sensitive genes (Zubay et aZ., 1970). The stimulatory 
effect of cAMP and CAP is proportional to the degree to which a 
particular gene or operon is available for transcription as determined 
by the appropriate pathway-specific regulatory system. The two forms 
of regulation therefore act in a complementary fashion. The regulatory 
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effects of cAMP and CAP are described in detail in a recent review 
by Rickenberg (1974). 

Recently, evidence has been presented which suggests that 
the amino acid biosynthetic pathways may also be subject to a similar 
form of integrated control. Stephens et al. (1975) presented in vtvo 
and tn vittro evidence supporting the conclusion that the synthesis 
of the histidine biosynthetic enzymes in Salmonella is stimulated 
by guanosine 5 -diphosphate-3 -diphosphate (ppGpp), which is 
synthesized by the product of the reZA gene (Sy and Lipman, 1973). 
Although the reZA gene has not as yet been shown to be involved in the 
regulation of other biosynthetic pathways, tne implication is that 
the analysis of the regulation of amino acid biosynthesis must 
henceforth include an examination of the possible effects of supra- 
regulatory systems. The present study is concerned in this respect 
with a regulatory phenomenon involving methionyl-tRNA synthetase, 
the product of the reZA gene, and the genes of the methionine 


biosynthetic pathway. 


The aminoacyl-tRNA synthetases 

| In bacteria, the aminoacyl-tRNA synthetases are recovered 
from the non-sedimentable supernatant of cell extracts. With one 
possible exception, there is a unique aminoacyl-tRNA synthetase for 
each amino acid. The complex reaction catalyzed by this family of 
enzymes is generally represented as a two step reaction by the 
following equations: 

AA + ATP + E > E.AA-AMP + PPi Esa 


F.AA-AMP + tRNA > AA-tRNA + £ + AMP Eq. 2 


nS * 
ees 
* hae "y 
- ah q 
& 5 D) a fe - 
1 ee 
+ : eo 
r  Sei5 i 
le pe ; . 
Sue Sa . 
, 
: "4 i 
. , 
i 
~ 
y 
. ° 
¢ 
¥ i 
t 
i 
ai 
, 
* 
i 
ou re 
¢ 
i" r » | 
5 + 
* 
. y 
’ y 
4 
. oy 
4 
a 
Wy 
Oe) 
i 
‘ y 
‘ 
4 
» 
e 
* 
ot 
* 


sand a air 7 7 _ 

Lady yeh sw 
. ‘id ee t 7h ue : i 
or rik Veter Panay ae Ven 


<< i ite , 
J a A “ “om MF 
‘ FY fe a ? + 4] 


ay 
t f igite f ee 
oF 
i 
im - x — 
i 
+ 
» \# ” be 
. a4 egy si 
i ay 
i i r wih 4 
4 : ' 4 wt 
yy i , me 
o. a é ry 
H . 1Ay he of CE Ay 7 
7 et i 7 
i of ‘ : yw, 
t mh 2 a a 4 ¥ eS 
, at ; A ees . 
swptow, «2h Sri aera 
? ios : : SO ee i. a a ae 
fy ois Oe 
; : : 7 5 
itagiuny “veel apie GAIT > 
ai re a } ee pei 5 “awa 
pe wa; 
i x 
, : 
t 
} S 
to 
i 


The activation reaction (Eq. 1), which is generally 
unaffected by the presence of tRNA, is measured by the amino acid- 
dependent exchange of radioactive pyrophosphate into ATP. The overall] 
reaction, which occurs 10-100 fold more slowly that the activation 
reaction, is monitored by measuring the esterification of radioactive 
amino acid to tRNA. The rate limiting step for the overall reaction 
appears to be the release of AA-tRNA from the enzyme (Eldred and 
Schimmel, 1972). 

Since the synthetase catalyzed reaction is an essential 
function, mutants have been sought which are only conditionally 
expressed or only partially defective. The first synthetase mutant 
of E. colt was isolated by Fangman and Neidhardt (1964a) as a p-fluoro- 
phenylalanine resistant mutant. The analog resistance of this mutant 


Phe 


is due to an impaired ability to aminoacyliate tRNA with p-fluoro- 


phenylalanine, but an almost normal ability to aminoacylate trnaPhe 
with phenylalanine. Several other amino acid analogs (i.e., thiosine, 
canavanine) have subsequently been used to isolate similar mutants for 
other synthetases. The first temperature sensitive synthetase mutant 
was obtained for the valyl-tRNA synthetase by Eidlic and Neidhardt 
(1965). Since then, temperature sensitive mutants have been described 
for several other synthetases. By screening amino acid auxotrophs, 
mutants have been obtained for at least nine of the synthetases. These 
mutants generaily have an aminoacyl-tRNA synthetase which has an 
increased Kn for the amino acid. This type of alteration in the 
synthetase results in a requirement for a higher endogenous concentra- 


tion of the appropriate amino acid than that which is normally 


available. 
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The regulation of the synthesis of the aminoacy1-tRNA 
synthetases is poorly understood, but several studies have suggested 
that a repression-derepression phenomenon may be in effect for at least 
some of the synthetases. Culture conditions which limit the supply of 
an amino acid may specifically derepress the synthesis of a particular 
Synthetase, although the derepression is often difficult to observe 
Since many of the synthetases are rapidly inactivated under conditions 
which limit the availability of their cognate aminoacyl-tRNA (Williams 
and Neidhardt, 1969). In some instances, the cognate tRNA, or a 
derivative thereof, has been suggested as an end product effector in 
the repression mechanism. There is also a suggestion that the 
synthetases are under some form of "metabolic regulation" since in 
E. colt the rate of synthesis of the synthetases is coupled to the 
growth rate of the organism (Parker and Neidhardt, 1972). The 
implication seems to be, that as part of the transiational apparatus, 
the synthetases may be regulated in concert with or by other parts of 
the protein synthesis system. Clark et aZ. (1973) have recently 
isolated the first regulatory mutant for a synthetase. Their analysis 
of the mutant suggests that it is an operator constitutive mutant of 
seryl-tRNA synthetase. 

The relatively vast body of literature dealing with the 
aminoacyl-tRNA synthetases has been reviewed recently by S611 and 


Schimmel (1974), and Kiesselev and Favorova (1975). 


Methtonyl-tRWA synthetase 


Methionine is incorporated into protein via two distinct 
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be formylated subsequent to methionylation (Marcker and Sanger, 1964). 


methionyl-tRNA species, tRNA and tRNA , the latter of which may 
The tRNARS* Species has been shown to incorporate methionine only in 
the W-terminal position of &. colt proteins (Clark and Marcker, 1966), 
and has been ascribed a role in polypeptide chain initiation in 
bacteria (Adams and Capecchi, 1966). Both species of ernaMet are amino- 
acylated by a single methiony1-tRNA synthetase (Henrickson and Hartley, 
1967), which in its native form is a dimer composed of two identical 
subunits of molecular weight 90,000 (Fayat and Waller, 1974). The 
Subunit, which appears to contain a high degree of sequence duplication 
(Bruton et aZ., 1974), can be cleaved by trypsin to a fully active 
fragment with a molecular weight of 65,000 (cassio and Waller, 1971). 
Both monomeric forms of the enzyme have distinct binding sites for 
methionine, tRNA, and ATP (Fayat and Waller, 1974). The native 
monomer has in addition, a second non-catalytic binding site for ATP, 
the function of which is not known. 

The first methionyl-tRNA synthetase (metG) mutant reported 
for E. colt was isolated by Calendar and Lindah] (1969) in #. colt C. 
Blumenthal (1972), and Armstrong and Fairfield (1975) have subsequently 
reported similar mutants for £. colt K12. All of these mutants require 
exogenous methionine for growth due to an increase in the Tega of the 
synthetase (Ahmed, 1973). An unusual metG mutant was isolated by 
Archibold and Williams (1973) on the basis of an increased resistance 
to the methionine analog ethionine. The methionyl-tRNA synthetase of 
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this strain has an increased Km for crnaMet but the Kn 
are apparently unaffected. A disturbing aspect of this study is that 


no mechanism is proposed to account for the ethionine resistance of 
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this mutant. 

The map position of metG has not yet been accurately 
determined. A location near the his operon was suggested by Cassio 
et al. (1970) who showed that the introduction of the F32 Fi plasmid 
into an F strain caused an additive increase in methiony1l-tRNA 
synthetase activity. Blumenthal (1972) showed cotransduction of a 
metG mutation with one of the P2 attachment sites, and Ahmed (1973) 
established the clockwise gene sequence metG,his, rspL by a conjugal 
cross. The orientation of metG with respect to other loci has not been 
reported. 

Methionyl-tRNA synthetase is specifically inhibited tn vivo 
and tn vitro by L-methioninyl-adenylate (Cassio and Mathien, 1974; 
Cassio et aZ., 1973). By supplementing the medium with methioninyl- 
adenylate it is therefore pcssible to modulate the degree of amino- 


acylation of trnaMet 


Met 


tn vivo. Cassio (1975) observed that when more 


than 25% of tRNA is deacylated, the level of derepression of 


methionyl-tRNA synthetase is proportional to the amount of trnaet 
deacylated. She interpreted this result to mean that methionyl-tRNA is 
involved as a repressor or as a corepressor of the synthesis of the 
synthetase. Cassio also observed that the synthetase is subject toa 


Met As 


specific inactivation in the presence of high levels of tRNA 
noted previously, inactivation of the other aminoacyl-tRNA synthetases 
has been observed under conditions which limit the supply of the 
‘cognate aminoacyl-tRNA (Williams and Neidhardt, 1969). 

By taking advantage of the proximity of the metG locus to one 


of the phage P2 attachment sites, Cassio et al. (1975) have isolated 


a class of mutants in which the regulation of methionyl-tRNA synthetase 
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appears to have been altered by phage eduction deletions. In these 
strains, the amount of the synthetase is increased several-fold as 
compared to the parental strain, but the enzyme does not appear to 

be structurally altered. Although genetic evidence is not presented, 
the authors have suggested that the eductants might represent alterat- 
ions in the ezs-acting regulatory locus of the metG gene. However, 
since the rate of synthesis of the enzyme remains coupled to the 
growth rate of the organism, they concluded that there are at least 
two dissociable or independent processes which regulate the intracell- 


ular level of methionyl-tRNA synthetase. 


Methtonitne btosynthests: regulation and uttltizatton 

The genetic and biochemical aspects of methionine biosynthesis 
have been reviewed by Smith (1971) and more recently by Flavin (1975). 
The essential features of this biosynthesis are outlined below. 

Six structural genes participate in the conversion of homo- 
serine to metnionine (Fig. 1). These are clustered in non-contiguous 
segments of the £. colt chromosome (Fig. 2), metA and metH being 
located at 89 min, metB and metF at 87 min, and metz at 84 min. 

The first specific precursor of methionine O-succinylhomoserine 
is formed from succiny1-CoA and homoserine by the enzyme O-succinyl- 
homoserine synthetase (metd). The next enzyme, cystathionine-y-synth- 
etase (metB), catalyzes the replacement of the succinyl group to give 
cystathionine. Cystathionine is then hydrolyzed to homocysteine by 
the enzyme 8-cystathionase (metC). The methyl group donors for the 


methylation of homocysteine to methionine are synthesized by 
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Figure 2 - Genetic map of £. colt K12 showing the location of some 
of the genes relevant to this study. The point of origin and 
direction of transfer of several Hfr strains are indicated by arrows 
on the intérior circle. The extent of the F episomes used in this 
Study are indicated by the interior line fragments. The map is 


derived from Bachmann et al. (1976). 
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the enzyme n°, n° -methylenetetrahydrofolate reductase (metF) and the 
actual methylation of homocysteine is carried out by either the vitamin 
Bl2-independent transmethylase (mete), or by the Bl2-dependent 

enzyme (metH). 

Once methionine is formed in the cell it is utilized as a 
substrate for protein synthesis or in the formation of S-adenosy1- 
methionine. The formation of S-adenosyImethionine from methionine and 
ATP is catalyzed by the enzyme ATP:methionine S-adenosyl transferase 
(metK) which is specific for the L-isomer. The principal metabolic 
functions of S-adenosylmethionine (SAM) are participation in polyamine 
biosynthesis via decarboxylated SAM (Tabor et aZ., 1961), and in 
various transmethylation reactions (Cantoni, 1965). 

As in many other biosynthetic pathways, the synthesis of the 
methionine biosynthetic enzymes is subject to non coordinate repression 
by addition of the end product of the pathway. Regulativn of methionine 
biosynthesis is affected by the allelic condition of at least three 
genes. 

The metA enzyme catalyzes the first reaction of the biosyn- 
thetic pathway and is subject to strong cooperative feedback inhibition 
by methionine and SAM (Lee et al., 1966). Analog resistant mutants 
which have normal levels of the biosynthetic enzymes have been mapped 
within the metA gene. These mutants have a metA enzyme which is not 
sensitive to feedback inhibition (Chater and Rowbury, 1970). 

Another class of regulatory mutants (metJ) have been mapped 
near the metB locus. Mutations at the metJ locus confer analog resist- 
ance and exhibit constitutive synthesis of all the methionine biosyn- 


thetic enzymes and of the metK enzyme. Several complementation studies 
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(Chater, 1970; Su and Greene, 1971; Holowachuck, 1976), have established | 
that the metJ gene exerts its effects in a negative manner through the 
formation of a cytoplasmic repressor, rather than by the alteration or 
modification of methiony1-tRNA“et (Ahmed, 1973). The isolation of 
amber metJ mutants of EB. colt by Morowicz (1975) confirmed that the 
repressor is a protein. 

The third class of regulatory mutants map in the metK gene, 
and also confer resistance to several methionine analogs. Many of 
these mutants show very low levels of ATP:methionine S-adenosyltrans- 
ferase activity and are derepressed for the synthesis of the methionine 
biosynthetic enzymes (Hobson and Smith, 1973; Greene et al., 1970). 
The metK enzyme is apparently not essential for growth since Morowicz 
(1975) has isolated several amber metK mutants of FZ. colt. The 
analysis of the metK phenotype is complicated by the recent isolation 
of a metK mutant which has normal ATP:methionine S-adenosyltransferase 
activity and which complements with other metK mutants (Hobson, 1974). 
The implication is that SAM, or a derivative of SAM, could act as the 
corepressor. Hobson (1974) has suggested that the metK enzyme itself 
could be involved in the repression mechanism. 

The interaction of methionyl-tRNA synthetase with the met 
biosynthetic enzymes has been examined by several authors. Chater 
et al. (1970) examined the effect of metJ and metK mutations ina 
methionine requiring metG mutant of Salmonella. They observed that 
some of the metK or metJ mutants were able to suppress the met 
phenotype of the metG mutant by causing an increase in the endogenous 


Me 


methionine level to the point that the Kn : defect of the synthetase 


is compensated for. The metJ and metK mutations had no observable 
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effect on the rate of synthesis of methionyl-tRNA synthetase. Ahmed 
(1973) confirmed that the methionine biosynthetic enzymes are 
regulated independently of methiony1l-tRNA synthetase. 

In summary, the general model for the regulation of methionine 
biosynthesis involves a mets coded repressor protein which controls 
methionine biosynthesis in a negative manner. Presumably, the repressor 
binds one or more corepressors and modulates transcription by interact- 
ing with operator sequences adjacent to the met structural genes. 
However, the precise nature of the corepressor has not been established, 


and no direct evidence for operator sequences is available. 


The rel phenomenon 


In many strains of £. colt, stable RNA synthesis is 
abruptly cutrailed upon starvation for an essential amino acid. 
Stent and Brenner (1961) called this phenomenon the stringent 
response and showed that a mutation at a single locus could alleviate 
the effect. A spontaneous mutation, which they designated as pe 
caused the relaxation of RNA synthesis in that RNA continued to 
accumulate following amino acid starvation. The site of this mutation 
has subsequently been redesignated as the reZA locus (Bachmann e¢ al., 
1976), since mutations at several pcnemeetres which confer the same 
phenotype have recently been reported (Cashel and Gallant, 1974; 
Parker et al., 1976). 

Fangman and Neidhardt (1964) demonstrated that the inactivat- 


ion of any of the aminoacyl-tRNA synthetases invoked the stringent 


response even in the presence of a full complement of amino acids. 
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This suggested that the phenomenon is a response to depletion of at 
least one of the aminoacyl-tRNA pools rather than to the concentration 
of the amino acids themselves. Cashel and Gallant (1969) and Cashel 
(1969) subsequently reported that amino acid starvation or inactivation 
of an amionacyl-tRNA synthetase resulted in the rapid accumulation of 
guanosine 3 -diphosphate-5 -diphosphate (ppGpp) and guanosine 3 -dipho- 
sphate-5 -triphosphate (pppGpp) in stringent but not relaxed strains. 
They postulated that one or both of the compounds could be a causitive 
factor in the cessation of RNA accumulation and the other character- 
istics of the stringent response. 

By employing an tn vitro translation assay, Haseltine and 
Block (1973, 1974) demonstrated that ppGpp is synthesized from ATP and 
GTP in response to an uncharged tRNA in the acceptor site of the trans- 
lating ribosome. This work was extended by Sy and Lipmann (1973) who 
obtained and purified to near homogeneity a small protein from the 
high salt wash of rel ribosomes, which catalyzes the in vittro format- 
ion of ppGpp from ATP and GTP. They concluded that this protein is 
the product of the reZA gene. 

Although several attempts to demonstrate the tn vitro 
regulation of RNA synthesis by ppGpp have been unsuccesful, Reiness 
et al. (1975) have recently provided convincing evidence that ppGpp 
selectively modifies the rate of transcription of different classes of 
genes in vitro. Using purified DNA from a variety of sources, they 
demonstrated that the addition of ppGpp to an tn vitro transcription 
system causes a selective inhibition of rRNA synthesis but a stimulation 
of transcription of the trp and Zac operons. They postulated that ppGpp 


interacts with RNA polymerase in such a way that the affinity for 
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different promoters is differentially altered. 

This hypothesis was extended by Stephens et al. (1975) who 
presented im vivo and in vitro evidence that ppGpp acts to positively 
stimulate transcription of the hts operon of Salmonella. The ppGpp 
mediated stimulation of hts operon expression is distinct from the hits 
operon specific regulatory mechanism, and appears to act by increasing 
the rate of initiation of transcription. On the basis of this result 
and several indirect lines of evidence, Stephens et aZ. (1975) have 
suggested that the reZA gene is generally important in the regulation 
of all amino acid biosynthetic pathways. On the basis of their own 
results and those of Reiness et al. (1975), they have suggested that 
ppGpp acts as a general signal molecule or alarmone which acts in 
a manner analogous to the cAMP alarmone to redirect the cells econozay 
in response to a change in enviornmental conditions. Cashel (1975) 
has recently presented a comprehensive review of the other pleiotropic 
effects associated with ppGpp and pppGpp accumulation. 

The present study represents a detailed analysis of the 
mechanisms by which a methionine requiring methiony1-tRNA Synthetase 
(metG) mutant reverts to a met” phenotype. This approach has resulted 
in the discovery that the synthesis of the methionine biosynthetic 
enzymes is subject to a form of positive regulatory control involving 
the reZA gene. Also, a genetic system has been developed in which the 
rel phenotype can be recognized by a methionine requirement. The 
potential usefullness of this system for the analysis of the rel 


phenomenon is discussed. 
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MATERIALS AND METHODS 
Baetertal and bactertophage strains 


The genotypes and sources of the strains used in this study, 
all oF which were derived from 2. colt K12, are described in Table 1. 
The bacteriophages Tate an amber Mutant of T4 (T4am), and the 
generalized transducing phage Plutr were obtained from Dr. A. Ahmed's 
collection. Phage $80psus aus ih was supplied by Dr. N. Franklin. 


The male specific phage R17 was obtained from Dr. W. Paranchych. 


Medta 


Tne medium of Davis and Mingioli (as described by Roth, 1970) 
containing 0.2% glucose, lactose or xylose, was used as the minimal 
medium. This medium was supplemented, when necessary, with 20 ug/ml of 
the required L-amino acid, 10 ug/ml of thiamine.HCL, 0.1 ug/ml of vitamin 
B12, and thymine or uracil at 50 ug/ml. D,L-ethionine was used at 
3 mg/ml for scoring ethionine resistance. L broth or L agar was generally 
used as the complete medium. On several occasions a modified L broth 
(LP broth) was used. The composition of LP broth is the same as 
L broth except that the NaCl buffer is replaced by the phosphate buffer 
of Davis and Mingioli (Roth, 1970). 

Motility agar was prepared as described by Silverman and Simon 
(1974) except that the tryptone motility agar was modified by the 


addition of 0.8 g/litre of sodium citrate. 
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Isolation of methtonyl-tRNA synthetase (metG) mutants 


The strain AB1111 (F ti leu ara proA lae supE gal his rspL 
xyl mtl thi) was used as the parent strain for the isolation of 
methionyl-tRNA synthetase mutants which required methionine for growth. 
A culture of the strain AB1111 was grown to late log phase in L broth, 
then y-methy1-" -nitro-wW-nitrosoguanidine was added to a final 
concentration of 50 ug/ml, and the culture was incubated without 
aeration for 30 min at 37°. The mutagenized culture was then washed 
twice with saline , resuspended in an equal volume of minimal medium, 
and incubated for 90 min at 37° to ensure methionine depletion. At this 
time the culture was supplemented with vitamin B12, homocysteine, and 
Penicillin-G (10,000 I.U./m1). After incubation for 90 min, the 
culture was shifted to an equal volume of fresh medium, and incubated 
for an additional 90 min. The culture was then washed with saline, 
concentrated 30-fold, and dilutions were plated on methionine supple- 
mented minimal agar. Those colonies which showed retarded growth 
after 48 hrs of incubation at 37°, were transferred to master plates 
containing the same medium, then replica plated onto minimal agar 
supplemented with homocysteine and vitamin B12. Those strains which 
failed to grow on this combination of supplements were assayed for 
methionyl-tRNA synthetase activity by the aminoacylation assay. Strains 
which showed low levels of synthetase activity were tentatively 
designated as metG mutants. The presumptive metG mutants were further 


Me 


characterized by determination of the Kn © by the pyrophosphate 


exchange assay. 
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Construetton of strain CS57 


The strain CS57 (F thr leu ara lac, , metG46 his rspl xyl 
mtl thi) was derived from the strain AB1111 (F thr leu ara prod lac 
supE gal hts rspL xyl mtl thi) by the three step procedure described 
below: 

(i) The strain CS50 (F thr leu ara proA lace supE gal metG46 his rspL 
xyl mtl tht) was derived from AB1111 by mutagenesis as described, and 
is assumed to be isogenic except for the presence of an altered 
methionyl-tRNA synthetase due to the metG¢é mutation. 

(ji) The Sp Strain CS54 (F thr leu ara pro metG46 his rspL xyl 
mtl tht) was obtained from a conjugai cross between Hfr H X407 (proB 
relAl tht) and CS50. Fifty lac gal” str” recombinants selected from 


this cross were tested for BE oye 


on L broth plates seeded with 14" or 
T4am phage. A gate recombinant was retained and designated CS54. 
Clit) 1A LaC am derivative of CS54 was obtained from a conjugal cross 


fi 


in which Hfr C CA274 (Zac ) was the donor. Fifty pro’ str 


am OP am 
recombinants, selected from this cross, were tested for the inheritance 
of the lac. allele by streaking on lactose minimal agar. A lac met 
recombinant was retained and designated CS57. The presence of the 


lac, allele is indicated by the ability of s80psu3” lysogens of CS5/7 


m 


to grow on lactose minimal agar. 


Isolation of methtontne tndependent revertants of CS57 


Spontaneous methionine independent revertants, designated as 
the SU3-47 series, were isolated from the met parental strain CS57 (F- 


thr leu ara lac, metG46é his rspL xyl mtl thi). Single colonies of 
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CS57_ were innoculated into L broth, grown to saturation, then washed 
and resuspended in saline to 1/5 of the original volume. Minimal agar 
plates supplemented with homocysteine were spread with 0.1 ml of the 
cell suspension and incubated for 48 hrs at 37°. The number of 
colonies appearing by this time was generally about 100 per plate. 
Whenever possible, 25 colonies from each plate were transferred to a 
master plate containing the same medium. Those colonies which were 
Surrounded by a halo of background growth were not picked since this 
phenotype corresponds to that observed for the methionine excreting 
regulatory mutants observed by Chater et aZ. (1970) in a similar 
Study of Salmonella. 

All of the revertants were tested for the ability to grow 
on unsupplemented minimal agar at 30° and 37°. This combination of 
selection and screening procedures was designed to allow the recovery 
of revertants which either require homocysteine for growth, or have a 
temperature conditional met” phenotype. For example, a reversion 
mutation resulting in a temperature sensitive metd repressor, might be 
expected to give rise toa met” phenotype at the inactivating temp- 
erature (37°), wheras at the permissive temperature (30°) the met 
phenotype of the parental strain would be expressed. 

The revertants from those cultures which failed to produce 
either a homocysteine-dependent or a temperature-dependent phenotype, 
were then examined for the presence of an amber reversion-mutation 


as follows. Replicas of the revertants were lysogenized with ¢80psu3” 


by printing on lactose minimal agar which was seeded with the phage and 


supplemented with methionine. Phage $80psu3” carries Suppressor 


tRNA, YY which suppresses the Lacan mutation in CS57 thereby allowing 
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the growth of lysogens under these conditions. After partial purific- 
ation of the lysogens on the same medium, they were tested for growth 
On methionine-free lactose minimal agar. A large proportion of the 
lysogens showed very reduced growth in the absence of methionine. The 
revertant from each culture which showed the greatest differential 
growth response when lysogenized and tested on the methionine-free 
lactose medium, was retained for further characterization. This 
class of revertants is represented by the SU3-47 series and by the 
exceptional revertant CS68. 

One unusual revertant designated CS62 (F thr leu ara proA 
lae supE gal metG46 hts rspL xyl mtl ilv metB metJ thi), was obtained 
by a similar procedure from the parental strain CS54 (F thr Leu ara 


proA lae supE gal metG46 his rspL xyl mtl tlv tht). 


Construction of tsogentc rela’ /relA~ strains 


The rel’ strain Hfr 315 (proB metB3é tht) was obtained from 
Hfr H B36 (proB relAl metB36 tht) by a three step procedure outlined 
below: 
(i) The strain Hfr 313 (proB relAl thyA metB36 tht) was obtained as 
a spontaneous trimethoprim (40 ug/ml) resistant mutant of B36. 
(ii) The strain Hfr 314 (proB relAl argA metB36 tht) was obtained by 
transducing Hfr 313 to thy” arg witha Pluir lysate of MA220 (F trp 
hts argA serA rspL), 
(iii) The strain Hfr 315 was obtained by transducing Hfr 314 to 
arg rel. with a Plutr lysate prepared on AB1111 (F thr leu ara proA 


lae supE gal hts rspL xyl mtl tht). 


24 


The rel’ strain Hfr 305 (tht) was obtained from Hfr KL16 (re2A 
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tht) by an identical procedure. 

The strain CS156 (F thr leu ara tonA gal hts mtl metB thi 
mal) and the otherwise isogenic rel strain CS157 were obtained by 
Pl transduction from the strains CP78 (F thr leu ara tonA gal his mtl 
argH thi mal) and CP79 (F thr leu ara tonA gal hts relAl mtl argH thi 
mal). A Plutr lysate of Hfr RI (reZ4i metB tht) was used to transduce 
CP78 and CP79 to arg’ met. 

The rel. strain CS130 (F thr leu ara Lac. metG46-381 his 
relAl argA rspL tht) and the otherwise isogenic rel” strain SU31-C 
were obtained from the met” revertant strain SU31 (F thr Leu ara Lac. 
metG46-31 his rspL xyl mtl thi) by the procedure described below: 

(i) The strain SU31-A (F thr Leu ara lac. metG46-31 his thyA rspL 
thi) was obtained from a conjugal cross between Hfr AB3059 (leu lacZ 
supE thyA rspL tlvuD thi deo) and SU31. Nutritional selection was 
applied against both donor and recipient by plating the mating 
mixture on xylose minimal agar supplemented with threonine, leucine, 
histidine, and thymine. Several xy" thyA recombinants of SU31 were 
recovered, and one of these was designated SU31-A. 

(ii) A Pluirv lysate of Hfr CS126 (reZA1 argA tht) was used to 
transduce SU31-A. ThyA” transductants were selected on minimal agar 
Supplemented with arginine and methionine. Of 312 thy” transductants, 
3 were arg met rel. One of these transductants was designated as 
CS130. An arg— met” rel” transductant from this cross was also 


retained and was designated SU31-C. 


Genette techniques 


Where nutritional requirements were available as selective 
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markers, transductions were performed with the generalized transducing 
phage Pluzr according to the procedure described by Lennox and 
Yanofsky (1959). In those instances where flagellar mutations were 
used as the selected marker, the washed transduction mixture was 
placed in a trough in the surface of a motility agar plate. Under these 
circumstances, fla* transductants swarm outward from the trough and 
can be separated from the nonmotile bacteria. 
FE plasmid transfers and Hfr mating were performed according 


to the procedures described by Miller (1972). 


Constructton of stratn Hfr 312 


The strain Hfr 312 (thr Leu ara proA lace supE gal metG46 
rspL xsyl mtl tht) was obtained from a three hour non-interrupted 
mating between Hfr KL96 (reZ41 tht) and CS127 (F thr leu ara prod lae 
supE gal metG46 his thyA rspL xyl mtl thi). Several hundred thy” his” 
str’ recombinants were recovered from this mating. Since the point of 
origin of Hfr KL96 is interior to the thyA-his interval, this 
selection scheme was designed to enrich for recombinants in which F 
had become integrated into the recipient chromosome in the same 
position as in KL96. Four of the recombinants, obtained from this 
cross, retained the methionine requirement of the F parent and 
gained the ability to support the growth of the male-specific phage R17. 
The ability of one of these recombinants to effect transfer of the 
metG46 allele was determined by mating it witn the F. strain MA220 (F- 
trp his argA serA rspL). Nutritional selection was applied against the 
donor by omitting threonine, leucine, and proline from the medium. 


Fifty his” or trp recombinants were tested for a methionine 
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requirement. Twenty-one of the trp” recombinants were met and twenty- 
nine of the his” recombinants were met . Similar results were 

obtained in a cross in which the strain MS827 (F gall wrC flaR his 
thyA rspL argE) served as the recipient. The recovery of met 
recombinants is considered as evidence that Hfr 312 can donate the 
metG4é allele. It appears however that the frequency of transfer is 


relatively low. 


Growth of bacterta for enzyme assays 


For the assay of the methionine biosynthetic enzymes and 
ATP:methionine S-adenosyltransferase, cultures were grown under 
non-repressing conditions. Cells were first grown to stationary 
phase in 10-20 ml of minimal medium. The bacteria were then collected 
by centrifugation, resuspended in 250 ml of fresh minimal medium, and 
grown with aeration for 5-6 hrs at 30°. The cultures were centrifuged, 
washed with 50 mM potassium phosphate (pH 7.3), and stored as a cell 
pellet at -40°. 

For the assay of methionyl-tRNA synthetase, cells were grown 
to mid log phase in 50 ml LP broth, centrifuged, washed with 20 mM 
potassium phosphate (pH 7.3)/ 4% glycerol (v/v), and stored as a cell 


peilet at -40°. 


Preparation of cell free extracts 


For extract preparations, cell pellets were resuspended in 
the appropriate buffer (depending on the enzyme assay to be performed), 


sonicated for 45 sec in ice, and then centrifuged at 31000 x a eer. 
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30 min in a Sorvall RC2-B centrifuge. 

For the methionine biosynthetic enzymes and for ATP:methionine 
S-adenosyltransferase, a 50 mM potassium phosphate (pH 7.3) extraction 
buffer was used. Assays were performed immediately afterwards on 
undialyzed extracts. 

Two different buffer systems were used for the preparation 
of extracts for the methionyl-tRNA synthetase assay. Initially, 
extracts were prepared and dialyzed in a buffer consisitng of 10 mM 
Tris.HCL (pH 7.6), 10 mM 2-mercaptoethanol, 10 mM MgC1,, 50 mM KCL 
(Nirenberg and Matthaei, 1961). In several instances, as an alternative 
to dialysis, extracts were desalted on a 1 x 5 cm column of Sephadex 
G-25 equilibrated with Nirenberg buffer. During the latter stages of 
this study, the Nirenberg buffer was replaced with a buffer containing 
20 mM potassium phosphate (pH 7.3), 10% glycerol (v/v), and 10 mM 
2-mercaptoethanol. The effect of this change in buffers is described 


in detail elsewhere. 


Enayme assays 


Cystathtonine-y-synthetase was assayed by measuring the 
amount of a-ketobutyrate formed from O-succinyl-L-homoserine as 
described by Kaplan and Flavin (1966). The specific activity is 
expressed as the decrease in absorbance at 340 nm per 20 min per mg of 


protein. 


B-cystathionase was assayed by the procedure of Flavin (1962). 
The specific activity is described as increase in absorbance at 412 nm 


per mg protein at room temperature. 
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3 
N° WO -methyLenetetrahydrofolate reductase WaS measured by 


14 


the menadione-dependent oxidation of C-w° methyl tetrahydrofolate 


to tetrahydrofolate and 14 


C-formaldehyde, as described by Dickerman 
and Weissbach (1964). The specific activity is expressed as nmoles 


formaldehyde formed in 30 min per mg of protein at 37°. 


ATP:methtontne S-adenosyltransferase was assayed by a 
modification of the procedure described by Tabor and Tabor (1971). 
The reaction mixture contained 100 umoles triethanolamine.S0, (pH 8.4), 


14 


20 umoles MgSO,, 2 umoles ATP, 1 umole NaCN, 0.1 umole ~C-L-methionine 


fats 
(5 uCi/mmole), 2 umoles potassium phosphate (pH 7.3), and approximately 
100 ug of S-30 protein, in a final volume of 200 ul. The radioactive 


140-s-adenosylmethionine (SAM) was separated from the unreacted 


product 
Si aR by applying the chilled reaction mixture to a 0.5 x 3 cm 
column of BioRex-70 (50-100 mesh) which was prepared as described by 
Holcomb and Shapiro (1975). The unreacted methionine was eluted from 
the column by applying 4 mls of water, then the SAM was eluted 
directly into scintillation vials with 2 mis) of.0:l N HSO, and 
counted by adding 10 mls of toluene/Triton-X (1:1), 0.4% Omnifluor 
scintillation mixture. 


The specific activity is defined as umoles SAM formed in 


20 min per mg protein at 37°. 
Aminoacylatton assay 


For routine determinations, methionyl-tRNA synthetase activity 
was measured by a modification of the assay described by Calendar and 
Berg (1966). The reaction mixture contained 15 umoles sodium cacodylate 


(pH 6.9), 0.3 umoles ATP, 2 umoles magnesium acetate, 1.5 umoles 
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2-mercaptoethanol, 0.195 mg crude tRNA, 500 ug bovine serum albumin, 
and 3.2 nmoles 3u-L-methionine (20 mCi/mmole), in a final volume of 
150 ul. The assay was performed as described by Calendar and Berg 
except that 5% trichloroacetic acid was used instead of 2N HCL, and 
GF/A filters were used instead of GF/C filters. Specific activity is 
defined as nmoles methionyl-tRNA formed in 15 min per mg protein at 
Siar 

Pyrophosphate exchange assay 


The amino acid activation reaction was measured by the 
pyrophosphate exchange assay described by Calendar and Berg (1966). 
Specific activity is defined as umoles 32p_atp formed in 15 min per 


mg protein at 37°. 


Thermal tnaetivatton of methtonyl-tRNA synthetase 


Cell extracts were prepared in the phosphate/glycerol 
buffer as described elsewhere. Aliquots of the extract were incubated 
for various time intervals at 42°, then stored in ice until use. 
Residual methiony]-tRNA synthetase activity was measured by the 


aminoacylation assay. 


kinettes of enzyme synthesis following methtontne deprtvatton 


For those strains which were capable of normal methionine 
biosynthesis the conditions were as follows. 

Cells were grown to mid log phase in 250 ml of minimal 
medium supplemented with 50 ug/ml of all amino acids except methionine 


which was included at a concentration of 10 mM (1.49 mg/ml). At this 
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time the cells were collected by centrifugation, washed in saline, 
and resuspended in an equal volume of minimal medium supplemented 
with 50 ug/ml of all amino acids except methionine. A 40 ml zero- 
time sample was taken and the remaining cells were allowed to continue 
growth. At timed intervals, additional 40 ml samples were withdrawn 
from the culture, washed, and frozen as a cell peliet at -40° 

A modification of this procedure was used for those strains 
which were unable to synthesize methionine due to a mutation in one 
of the methionine biosynthetic enzymes. Cells were grown to mid log 
phase in 250 mls of minimal medium supplemented with 20 ug/ml of all 
amino acids except methionine which was included at a concentration of 
1 mM (0.15 mg/ml). The cells were collected by centrifugation, washed 
in saline, and resuspended in an equal volume of minimal medium 
supplemented with 20 ug/ml of all amino acids except methionine which 
was included at a concentration of 2.5 uM (0.375 ug/ml). Forty ml 
Samples were withdrawn at timed intervals, washed, and frozen as cell 


pellets at -40°. 


Seortng the rel phenotype 

For those strains which have an amino acid requirement, the 
allelic condition of the reZA gene was determined by the SH-uraci] 
uptake assay described by Fiil and Friesen (1968). Those strains which 
had no amino acid requirement were starved for isoleucine by adding 
valine (400 ug/ml) to the medium 45 min prior to the addition of the 
SH-uracil. Under these conditions, valine causes repression of the 
enzymes required for isoleucine biosynthesis and thereby causes 


effective isoleucine starvation. 
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Measurement of in vivo levels of aminoacyl-tRNA 

Cells were grown to mid log phase in minimal medium then 
harvested and extracted by the modified procedure of Folk and Berg 
(1971) as described by Lewis and Ames (1972). As a control, the strain 
CS50 (F thr leu ara lae supE gal metG46 his rspL xyl mtl tht), which 
requires methionine for growth due to the metG46 mutation, was grown 
in the presence of methionine then starved for one hour prior to 
harvesting by transferring the culture to a medium lacking this amino 
cad 

The cells were killed by adding 25 ml of 55% trichloroacetic 
acid to a 250 ml culture. The culture was shaken for one minute, then 
2.5 ml of 1% sodium dodecyl sulfate (SDS) was added. The culture was 
Shaken for an additional 1] min, then cnilled in an ice water bath. 
After 15 min, the precipitate was collected by centrifugation, then 
suspended in 4 ml of sodium acetate (0.25 M, pH 6.5) containing 0.05% 
SDS and 0.001.M EDTA. An equal volume of phenol (saturated with 0.25 M 
sodium acetate, pH 5.0 and containing 0.00] M EDTA) was added, and the 
mixture was sonicated for 60 sec. Following centrifugation of the 
Suspension, the aqueous layer was removed and the phenol layer was 
washed with an equal volume of sodium acetate EDTA buffer. The two 
aqueous supernatant fluids were combined and precipitated by adding 
4 vol. of ethanol 208) and 0.2 vol. of 5M NaCl. After 20 min at 
20m the RNA was collected by centrifugation (26,000 x g, 20 min). 
The pellet was resuspended in 1.5 ml sodium acetate (0.1 M, pH 4.6) 
and divided into two equal portions. Sodium periodate (0.25 ml of a 
fresh 0.01 M solution in 0.1 M sodium acetate, pH 4.6) was added to 


one portion, and only buffer was added to the other. After 30 min 
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at room temperature in the dark, the RNA was precipitated with ethanol 
and NaCl and collected by centrifugation. The precipitated RNA was 
dissolved in i ml of 0.1 M sodium acetate (pH 4.6) containing 0.1 M 
ethylene glycol, incubated for 10 min in the dark at room temperature, 
then precipitated with ethanol and collected by centrifugation. The 
RNA was resuspended in 1 ml 1.8 M Tris-acetate (pH 8.2), and incubated 


for two hours at 37. to deacylate the tRNA. The RNA was collected by 


ethanol precipitation and centrifugation, and resuspended in 1 ml water. 


The tRNA obtained by this procedure was charged to completion 
with a tRNA-free extract from ABI111. The substrate 34-L-methionine 
was inciuded in the reaction mixture at a final concentration of 
0.67 uM (10.5 Ci/mmole). The other 19 non-radioactive amino acids 
were included in the reaction mixture at a concentration of 0.1 mM in 


order to avoid mischarging. 


Protein concentration was estimated by the Folin-Ciocalteau 


reagent or by the Biruet reaction as described by Layne (1957). 
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RESULTS 


tsolatiton and charactertzatton of methtonyl-tRNA synthetase (metG) 
mutants 

Mutants were sought which, although competent to synthesize 
normal levels of methionine, have acquired a growth requirement for 


Met of the methionyl-tRNA 


methionine due to an increase in the Km 
synthetase. This approach is identical to the method which Blumenthal 


(1972) has previously used for the isolation of metG mutants of EB. colt. 


From a single mutagenized culture of AB1111 (F thr leu ara prod 
lae supE gal his rspL xyl mtl thi), 1300 colonies which exhibited pvor 
growth on methionine supplemented minimal agar, were transfered to 
master plates, then tested for a methionine requirement by replica 
plating. Forty-six of these failed to grow on minimal agar supplemented 
with homocysteine and vitamin B12. This combination of supplements will 
Support the growth of strains harboring a mutation in any one of the 
methionine biosynthetic genes except metF. Since it is not feasible to 
Supplement the medium with n° -methyltetrahydropteroyltriglutamate (the 
product of the metF-catalyzed reaction), the 46 unclassified mutants 
were assayed directly for methionyl-tRNA synthetase activity by the 
aminoacylation reaction. Six of these strains were found to have 
markedly reduced synthetase activity and were therefore classified as 
metG mutants. The mutations in these strains were designated metG3, 17, 
24, 41, 43, and 46 respectively. 

As expected, these six mutants show an increase in the Kat 
of the methionine activation reaction as determined by the pyrophosphate 

Met 


exchange assay. The Kn values obtained for the six mutants are 
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presented in Table 2. From the results presented in this table it 
appears that there are four non-identical metG alleles represented 
among the six mutants. The alleles metG17 and metG24 are not disting- 
uishable from one another and may represent identical mutations. 
Similarly, metG3 and metG43 appear to be identical. 


ATP 


The Kn of the methionine activation reaction (2 mM 


L-methionine), was determined for the wild type and the metG4é allele. 


ATP 


Kn values of 0.46 mM and 1.25 mM were obtained for the wild type and 


ATP 


the metG46 allele respectively. The slight difference in Kn values 


may be attributed to the fact that the methionine concentration used for 


Met Value of the metG46 allele. These 


the determination is below the Kn 
results suggest relative independence ef the ATP binding site from the 
methionine binding site of the enzyme and are consistent in this regard 
with biochemical studies of the wild type enzyme by Fayat and Waller 
(1974). 

All six of the metG mutations appear to be located in the 
40-44 min interval of the Bachmann et aZ. (1976) linkage map. This is 
inferred from the results of an experiment in which the F103 Eg plasmid 
from KLF3/Jc1552 (F103 his* metG’/ leu lace supE gal trp his argG rspL 
xyl mtl metB mal) was introduced into each of the mutants by a short 
mating. Nutritional selection was applied against both donor and recip- 
jent by plating the mating mixture on minimal agar supplemented with 
threonine, leucine, proline, and methionine. Fifty his” merodiploids, 
recovered from each mating, were tested for the methionine requirement. 
In each case, the presence of the F103 Bi plasmid resulted in restoration 


of methionine independence. It is therefore concluded that each of the 


mutations is recessive to the wild type metG allele present on the F103 
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Table 2 


Kinetic constants for the activation reaction catalyzed by extracts 


of metG mutants. 


Strain Allele ee ee Relative 
Knhlet 
ABI111 = metc™ 0.033 136 120 
CS48 metG3 7.590 Oe27 228.0 
CS49 metG17 0.882 Caos 26.5 
CS45 metG24 0.799 1.84 24.0 
CS47 metG41 5.890 QRZ, ee 
CS46 metG43 7.590 0.46 228.0 
CS50 metG46 8.850 0.39 266.0 
The @ee is expressed as a mM concentration. Vmax is expressed in 


units of activity as defined under “Materials and Methods". The 


Met Met 


relative Km represents the ratio of the Kn of the mutant strain 


and the wild type strain (AB1111). 


Extracts for this series of assays were prepared and dialyzed in 
Nirenberg buffer. 
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plasmid. This result agrees with the previous report by Ahmed (1973) 
that the F103 plasmid carries the metG locus. More detailed mapping 
experiments involving one of the metG mutants are presented elsewhere 


in “Results 


Mapptng the metG locus 


In a previous series of mapping experiments, Ahmed (1973) 
established that the metG locus was located near the kts operon in the 
clockwise gene sequence metG,hts,rspL. Ahmed also noted that metG 
is not cotransducible with hts by phage Pl mediated transduction. 

Since Hoffman and Wilhelm (1970) have reported that supD is 8% cotrans- 
ducible with his, the sequence can be inferred to be metG, supD, hts. 

The above orientation of the metG locus with respect to supD 
was confirmed by introducing the F196 plasmid from MX383 (F196 his’ supD 
/lae trp his nalA recA relAl arg) into CS57 (F thr Leu ara lac. metG46 
his rspL xyl mtl thi) by selecting for his’ str’ merodiploids of CS5/7. 
The F196 plasmid has the same point of origin as the F103 plasmid but 
extends for a shorter interval counterclockwise from supD. The supD 
allele on the plasmid effectively suppresses the lac. mutation in CS5/ 
and thereby provides a convenient test for the presence of the F196 
plasmid. Of fifty his’ str” merodiploids obtained in this manner, all 
were met. lac’ (supD’). This result implies that the F196 plasmid does 
not carry the metG locus, and substantiates the proposed sequence. 

Since it was desirable to find an easily selected marker with 


which metG could be cotransduced, the linkage of metG to the eda locus 


was examined. This locus is carried by the F103 plasmid but not by the 
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F196 plasmid and is the closest counterclockwise marker from hts which 
confers a nutritional requirement. A Pl lysate of AB1111 (F thr leu 
ara proA lace supE gal his rspL xyl mtl thi) was used to transduce CS122 
(F thr leu ara proA lace supE gal eda metG rspL xyl mtl thi). Of 250 
eda” transductants, none were met”. These results are considered as 
sufficent evidence that metG is not cotransducible with the eda locus. 

A relatively precise location for the metG locus was obtained 
by using = plasmids for the his region, which are deleted for various 
intervals of the chromosome. The secondary F strains MS1338 (F1829 
his’ metG f1a1829/leu lac his recA argG rspL xyl mtl met malA) and 
MS1977 (F1977 his” flal829 A(hag-flaE)/ leu lace hts recA argG rspL xyl 
mtl met malA) were used as donors in a mating with CS57. Fifty his” 
merodiploids were retained from each wross and tested for a methionine 
requirement. It was observed that the presence of the F1829 plasmid 
restores methionine independence whereas the deleted F1977 plasmid does 
not. The only reported difference between these episomes is a deletion 
which extends from hag to flak (Silverman and Simon, 1974). It therefore 
appears that the metG gene is located in the hag-flaE interval. 

On the basis of the previous results which suggest a location 
for metG within the cluster of genes coding for flagella synthesis, it 
seemed probable that metG would be cotransducible with these loci. This 
was verified by a transduction experiment in which a Plutr lysate of 


MS827 (F galU uvrC flak hts thyA rspL argE one ) was used to transduce 


m 
CS60 (F thr leu ara Lac, metG46 supD rspl xyl mtl tht). Three hundred 


: aH : 
and sixty-one met transductants, recovered from this cross, were scored 
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for the allelic condition of the wrC, flak, and supD loci. The results 
of this. transduction are presented in Table 3. Under these circumstan- 
ces, the cotransduction frequency between metG and flaR, uvrC, and supD, 
were 50.1%, 42.4%, and 32.1% respectively. 

The position of metG with respect to these three loci is 
inferred tc be uwvrC, metG, flaR, supD. The inference is based on the 
following considerations. If the correct order is metG, flaR, supD 
then the frequency of met” fla” supD™ transductants will greatly exceed 
the frequency of met” fla supD” transductants. In contrast, if the 


correct sequence is flaR, metG, supD, one expects a substantial 


frequency of met” fla’ supD” transductaiits. From the results in Table 3, 


the frequency of met” fla7 supD™ transductants is 32% whereas the 
frequency of met” fla” supD” Lhansauccants 4S 0.0.8. Taniseresuac. US. 
therefore, in close agreement with the results predicted for the 
sequence metG, flak, supD. This sequence is also consistent with the 
result obtained from deletion analysis. 

By a similar argument, the order with respect to wrC can be 
deduced from these results. If the correct gene order was metG, uvrC, 
flak then the frequency of met’ uvr” fla~ transductants will greatly 
exceed the frequency of met” uve" fla transductants. In contrast, if 
the gene order were wr, metG, flaB, a substantial frequency of both 
classes of transductant would be obtained. From the results in Table 3, 
the frequency of met” uve fla is 35% and the frequency of met” uvr- 
fla is 14.6%. This result clearly contradicts the expectation for the 
metG, uvrC, flak gene order, but is consistent with the sequence wr, 
metG, flaR. This sequence is also supported by results obtained from 


deletion analysis. 
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Table 3 


Ordering metG with respect to adjacent loci by a four-point 


transauecion- cross. 


Selected Recombinant phenotype number of 
phenotype recombinants 
+ - a) - 
met Filao Ba SUD Se suv 37 
fla. sup° uvr 78 
: fala sup” uvr 16 
- + + 
‘ Fila >a SUD OhUVE 50 
+ 0 = 
2 fl awa e SUP EA SUV G 0 
a 0 
: tilde eSUp UVE ] 
+ + 
‘i Mia | Sup | )uvr 100 
: fla” sup” uve 79 


A Plutr lysate prepared on a wrC flak donor strain was used to trans- 
a. + 
duce a metG supD recipient. MetG transductants were selected and 


scored for the flak, supD, and uvrC markers. 
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In theory, sup, fla’, and uvr™ are all phenotypes which can 
be selected. However, in practice, each of these phenotypes present 
technical difficulties when used as selective markers in transduction 
experiments. Several attempts to demonstrate cotransduction of metG 
with these loci by selecting for sup” or fla’ transductants are 
described below. 

A Pluir lysate of CS60 (F thr leu ara lac, metG46 supD rspL 
xyl mtl thi) was used to transduce CSH4 (F lac, tPam rspL) to lac* 
trp on methionine supplemented minimal lactose agar. This approach is 
based on the assumption that supD transductants (lac trp” because of 
amber suppression) should be far more frequent than double transductional 
events in which functional trp and Zac genes are introduced into CSH4. 
Of 300 lac” trp” transductants, recovered from this cross, none were 
met . Since it was not verified that the lac” trp” transductants were 
actually supD , the only thing which can be concluded froin this result 
is that the approach is not a useful one for mapping metc. 

Several attempts to demonstrate cotransduction of metG with 
flaB™ as the selected phenotype also failed. A Pluzr lysate of CS60 was 


used to transduce CS164 (F wrC flaB his thyA rspL argE cule ) on 


m 
tryptone motility agar. Of 100 fla” transductants, obtained from this 
cross, none were met . This inconsistent result may be due to the fact 
that strains harboring a metG mutation swarm more slowly than do metG” 
Strains. The result is that metG” transductants quickly overtake the 
entire plate and might therefore prevent the recovery of metG trans- 


ductants. In order to overcome this technical difficulty, a metG, flaB 


strain has been constructed so that the approach can be reinvestigated. 
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In summary, the metG locus appears to be located near 43 min 
On the linkage map of £. eolt K12 (Bachmann et al., 1976). Cotransduction 
of metG with several loci in this region has been demonstrated, but 
the precise gene sequence has not been confirmed by the appropriate 
crosses in which metG is not the selected marker. The proposed 
location of metG with respect to several other loci is illustrated in 
Figure 3. This location has been confirmed by a more detailed linkage 
analysis using deletion episomes (M. Simon, personal communication), but 
differs from the position proposed by Bachmann et al. (1976). The 
position suggested by Bachmann et al. is not consistent with the 
reported position (Blumenthal, 1972; Ahmed, 1973) and appears to be 


derived by analogy with the position of the metG locus in Salmonella. 


Isolatton of methtonine-tndependent revertants of CS57 


From 100 independent cultures of CS57 (F thr leu ara Lac. 
metG46 his rspL xyl mtl tht), approximately 2000 revertants were selected 
by their ability to grow on minimal agar supplemented with homocysteine 
at 37°. The parent strain CS57 does not grow under these circumstances 
Since the enzymes responsible for converting homocysteine to methionine 
are not sufficently derepressed to bring about production of methionine 


Met defect of the mutant 


at the levels required to overcome the Kn 
synthetase. This selection procedure was specifically designed to 

allow the recovery of mutants which are normally regulated for the early 
steps in methionine biosynthesis, but have become derepressed for the 


synthesis of one or more of the terminal enzymes of the biosynthetic 


pathway. 


mr 

0} 

tas os <<." a 
ay 


mtn 6b “en kateuall ae of. an aaa — 
notd2ub2fis1d0 (aXee voli ow: nse ns oti 


POTS os Be Tor ¥n rab. need 26 oles BY 


sin tmenHne: wa ; ee = 
aj ariowiads ad ya Damn. 11 G2 raad 


a.) 


bs2oqgo10 ail. .vadvenm batosls o ant 


botawtayitt 2t tool wsito ferever “a | 
. : * : ; _ ' th j ie act in | 
Aft Oalfeteb svon' 6 yd bomi7 As neem watt e008 2 ; iy, ‘ 
4 j ; i oz > cy AeA be r 
Of seat nummoo Lsnoaga emombe: sh) eee ‘vabistabe yu 2hen 


{) 3a 29° anos, ve 20q0 ay oo} 33 209 aie oe “oT 
| ".Y ; nies van - 
; ' 4 ‘ ‘ ' 2 J 6 f & Ngo h w 2 i . te a ] nn Ba U a 6a ‘ betes 


a? enseons dns (E%@}  bomtA «Sel Letonomate ) noi hat a 
2 ' = , WK, V5 3 
mies nf ego! Deer. st to nolNbeoq alle rior woot ney 


“ 7 : : - 0 
i 7 : 4 Live 
fed wo { oO of a 
‘ o 


States wy Hhahengelh— ants obs Yoonstiaby 


: 


avity 19) 8820 40 dois tus Sibbeonstin — 


i + tyme | "yi ii van OMS 4 ' o aa aa 
ie we Oe he, A, ; Tw a 9 f ( | LADS bod Oise \? 3 54 ae ny m Joe Ns boat 


250hn67 uD 7 = i 925113 WO wort Ft 2 DARA) C2 et ate ‘hz nano a 

} 
ory brie ey} ito mt otf arntia 725 ie ; Ti t 4 et " & boat 
nofrnigon oF sitet (par veiG? 10 isrenoges 1 comes 


ia.) = 


oni ridat Yon liieal H tyed f ies rd ot dtd ab yi dmant ty 
‘tomtian aes to ete teh: mW it | ano3 vows By paren wv af 
03 banore’sb ffaeotth: voqe al sth beauhg’ nol oak 32 et 
yfype! rts rg? beds if shia eh ba —_ ii we tise 


} i : 
mi ' : ’ we ta 


ip Pies * hersvaorat std gti bi rT 
rm r 7 >> 
Ts 


- : ¥ Mae Cee it it | 
ah iL 3 
i ; . - i . Ae rot 
j : 7 - - | ae 
+e ih) oe 7th'\. cal eaee 
. ee 7 i's co ‘ va , 
; i wis : ” bub : ive -,' 


AN eda 
42 
0) 
uvrC | 
hag we 
metG , ' 
flaE 50 2 
flaR 
43 sup D 
| 0) 
F103 | 
F1977 | 
F196 
44 
his 


Figure 3 - Proposed map position for the metG gene. 

The numbered arrows to the right of the map represent cotransduction 
frequencies. The direction of the arrow indicates the selected 
marker. The arrows to the left of the map represent the F episomes 
used for this study. The direction of transfer and point of origin 
of the episomes are indicated by the arrow. The positions of all 
the genes except metG are from Bachmann e¢ al. (1976). 
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When tested on minimal agar at ae or ee all but one of the 
revertants were able to grow a either temperature without exogenous 
homocysteine. The single exceptional mutant, designated CS68, is 
discussed in a later section of "Results". 

All of the remaining revertants were then subjected to a 
screening procedure designed to faciltiate the identification of strains 
in which an amber mutation was responsible for the met” phenotype. Forty 
independent revertants, which initially appeared as met when lysogenized 
with 680psu3” , were retained for further characterization. However, 
after purification and retesting under more rigorous circumstances, it 
was concluded that the presence of the prophage had no pronounced effect 
on the met phenotype of these strains. These forty revertants, 
designated SU3-47, were subsequently used for a detailed analysis of 


the mechanisms by wnich CS57 reverta to a met” phenotype. 


Preliminary classtftcation of revertant stratns 

It was expected that some of the reversions of the SU3-47 
series would be caused by mutations resulting in partial or complete 
restoration of methionyl-tRNA synthetase activity. To examine this 
possibility, all of the revertants were initially screened for levels of 
synthetase activity by the aminoacylation assay. For this assay, extracts 
were prepared in Nirenberg buffer and desalted by passage through 
Sephadex G-25. Under these conditions, 37 of the 40 revertants gave 
approximately the same low level of synthetase activity as the metG 
parent strain CS57. Therefore it appeared that some other mechanism 


was responsible for the restoration of methionine independence in the 
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Table 4 - Enzyme activities in class-1 revertant strains 


Strain Classification Relative specific activity® 

y° a 7 -methylenetetra- methionyl-tRNA 

hydrofolate reductase synthetase 

(metF) (metG) 

AB1111 wtld type ~ 1.000 
GS57, metG mutant 120 0.027 
SU2 revertant 16.06 0.024 
SU3 16.88 0.022 
SU4 ‘ 20.40 0.035 
SU6 : ele 0.016 
SU8 ‘ 23509 02022 
SU10 : Be5 0.015 
SUZ " 12222 0.030 
SU18 : oot O30z/, 
SU19 4 33.245 0.022 
SU20 : 15292 0.036 
SU21 33.47 0.038 
SU22 : 20.38 0.041 
SUZ : 19.02 0.018 
SU26 I 15.04 0.036 
SU27 ; 9.09 0.042 
SU34 i 14.11 0.047 
SU35 ‘ 19.64 0.024 
SU36 ; 19.66 0.031 
SU39 r 19.64 0.039 
SU40 S 13.07 0.046 
SU42 i T5779 0.032 
SU46 ” 23.00 0.045 
a 


The enzyme activities of the mutants are expressed relative to the 
specific activity of the wild type strain (AB1111) or the metG 
parent strain (CS57). In each case, the activity of the relevant 
parent strain is taken as 1.0. For the strain CS57, the specific 
activity of °, 7 -methylenetetrahydrofolate reductase was 7.50. 
For the strain AB1111, the specific activity of methionyl-tRNA 
synthetase as determined by the aminoacylation reaction was 1.77. 
The units of specific activity are defined under "Materials and 
Methods". 
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Table 5 - Enzyme activities in elass-2 revertant strains. | 


Strain Class Relative specific activity® 

n°, w’-methylene- B-cystathionase ATP:methionine 

tetrahydrofolate S-adenosyl- 

reductase transferase 

(metF) (metC) (metK) 

AB1111 wild type 1.00 100 1.00 
AM29 metd mutant TOe77 14.00 Sere 
SU5 revertant 2.40 0.70 O87 
SU7 : 12:05 0.74 0.95 
SU9 : 2255 abe) 1202 
SU11 : ede) 1.04 1.20 
SU13 : 2230 0.88 0.89 
SsucS r ees: 1736 0.98 
SU24 ‘ Oz 1245 adie 
SU28 . 0.93 ec Tees 
SU3] 1e28 0.96 0.85 
SU32 . eee 130 0.95 
SU 33 v loz Oe ey 0.92 
SU37 y ah OW) 20 1.06 
SU38 . 0.92 1,12 T03 
SU41 f lees He) 1.29 107 
SU43 i Zhe 02:35 LZ] 
SU44 1.74 26 1.09 
SU45 t 1.90 Teal 1h 
SU47 a 0.69 ipa 184] 
a 


The enzyme activities of the revertant strains are expressed as 
relative to the specific activity of the wild type strain (AB1111) 
which is taken as 1.0 in each case. The actual specific activities 
were: (7) w°, 177 -methylenetetrahydrofolate reuuetase Oos0s: cit) 
g-cystathionase, 0.11; and (iii) ATP:methionine S-adenosyltransferase, 
9.08. The units of specific activity are defined under "Materials 

and Methods". The strain AM29 was included as a control to ensure 


that the assay would reveal high levels of activity. 
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majority of the revertant strains. However, as noted in a later 
section of "Results", it was eventually discovered that this mechanism 
could account for eighteen of the forty revertants. 

Since Chater et al. (1970) have previously shown that met 
and metK mutations are frequently able to suppress the methionine 
requirement of metG mutations in Salmonella, it was expected that a 
substantial number of the revertants isolated for this study would have 
a mutation in one of the regulatory genes affecting methionine biosyn- 
thesis. To examine this possibility, all of the revertants of the 
SU3-47 series were screened for levels of w°, wo -methylenetetrahydro- 
folate reductase (metF) activity. This enzyme was chosen as an indicator 
of the state of regulation of the methionine biosynthetic enzymes 
since Ahmed (1973) has reported that the synthesis of this enzyme is 
particularly responsive to conditions leading to derepression of the 
enzymes involved in methionine biosynthesis. The results of this assay 
are presented in Tables 4 and 5. Twenty-two of the revertants showed 
non-repressible levels of metF activity when grown in the presence of 
methionine (10 ug/ml), and had the same low level of metG activity as 
the parental strain CS57. The remaining eighteen revertants have more 
or less normal levels of n°, Ww ?-methylenetetrahydrofolate reductase 
(metF), B-cystathionase (metc), and ATP:methionine S-adenosyltransferase 
(metK) activity when grown under non-repressing conditions. 

On the basis of these results the revertants were tentatively 
divided into two categories. Class-1 revertants (Table 4) are those 
which showed non-repressible levels of the metF-enzyme, and class-2 
revertants are those which appeared to be normally regulated for the 


methionine biosynthetic enzymes. 


ssravart ‘oft 30° "2 dnvun, 18 


it pil 


iofhsom pnitoetts zonsn’ ye) avrg? to ano’ ~n 


| ay ee ig ar he 
to atnesrevet ent to 11s ai ce etdt antaexa oF eres 


aalyittoni- VW. Wt: 2havert "o} _ bariagriog 970M aa) iz Shae08 


nf a6 26 mezods gow sities ern? .vaevito We m) 92832 siete 


’ ‘ e ‘ a | ~ ~ 4 Fi 
ottaittoyeotd sntnotditsm alt 16 not setups | 40 at | 
‘ f = . + 
f emysis efdt to eraarinye sad gan? Settogey 2en (ere) oma \ sont 


iofezaiqeyeb oF patbéel emols roo OF av }enoy 20) an THK 
anfues rT , etesnstoyrold satnordism ar DevTovn omy 
2 ejosdvevey afd Fo owt-vitnowl ..¢ Das 4 zai det ni bets 


sns2ayq stv of awowp nenw vihvitos Tram, to 2 vel sigt ees wert 


: ie 4) ie 
vidos tom to feyvel wol anne ont. Ben bas. (Tin\gu, ai} antna it a 
som evel 2inelisvey neatipie sip ont Need nerd? taney qo 


A. % 
— oes si rn “ - ) ear car. sp f 
sioaups etslotmTy faNtasks aly tem L202 21 Sy5i ‘aren 
% F a r ; ; A Y 
te : 


ts - x 
wenord tones. en i 2asagr=ni0n samy mate a ya 


5 (Ae 
os 
ant el 


eeistenstilyzonsbs-% eotnondom: ITA bas fo ah itil 


: ia Lag 
t 


vial vrgR3aa3 949M 2tnegisvs7 ont astuzey amt Me aad i. 
rE aly _ re ivedaled 
ode ous hea inant 3 i seals | ae DA: 
| Senge, bas Sysstat on ony. to ste eto saggey- on, Do 


ett 08, pase aren ad of hears 
M a ie iv ph if vg sik - fr a was 


fj t 
aT a 7 aay, ie 
ae atk uy ie 


PURE 


48 


Charactertzatton of metd revertant stratns 


Mutations in either the metd or metK genes are known to lead 
to generalized derepression of the methionine biosynthetic enzymes. 
Since these are the only loci known to be involved in the regulation of 
all the methionine biosynthetic enzymes, it seemed probable that the 
class-1 revertants would be characterized by a mutation in one of these 
genes. 

All metd mutations which have been isolated to date confer 
ethionine resistance. The presumed mechanism of resistance involves 
metJ mediated derepression of the methionine biosynthetic enzymes and 
a concomitant increase in the endogenous methionine pool to the extent 
that ethionine is outcompeted by methionine as a substrate for protein 
synthesis. Since the mets locus is approximately 90% cotransducible 
with the metB locus, met’ mutations are easily identified by demon- 
strating close linkage to the metB locus of the gene responsible for 
the ethionine resistance phenotype. 

In order to test for the presence of a metd mutation in the 
elass-1 revertants, a transducing lysate of Plutr was prepared on each 
of the revertants, and subsequently used to transduce the ethionine 
sensitive strain Hfr Rl (reZ41 metB tht). Twenty-five met’ transductants 
from each cross were tested for ethionine resistance at 37°. It was 
found that all of the class-1 revertants give rise to ethionine resistant 
transductants of Hfr Rl with an average frequency of 85%. This is 
approximately the cotransduction frequency expected for mutations at 
the met locus (Holowachuk, 1976). In contrast, under identical 
conditions, none of the class-2 revertants give rise to ethionine 


resistant transductants of Hfr Rl. 
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On the basis of these transduction experiments, and the 
non-repressible phenotype (indicated by high levels of metF activity), 
all of the elZass-1 revertants have been designated as met/J mutants. 

The met” phenotype of these revertants is therefore attributed to an 
increase in the endogenous methionine levels to the point that exogenous 


Me 


methionine is no longer required for adequate charging of tRNA E by 


the defective synthetase. The absence of any metkK mutants among the 
revertants is attributed to the fact that methionine excreting strains 
were not retained for further study. 


Met 


In vivo levels of aminoacylation of tRNA tn class-2 revertants 


The initial difficulty encountered in demonstrating the ability 


of extracts of the class-2revertants to aminoacylate trnavet 


amet 


tn vittro, 
raised the possibility that tRN was also not being charged efficently 
tn vtvo. In order to clarify this situation, the zn vtvo level of 
aminoacylation of trnaMet was estimated for several of the class-2 
revertants by the procedure described by Lewis and Ames (1972). The 
results of this experiment, presented in Table 6, indicate that the 
class-2 revertants have essentially wild type levels of charged ernaMet, 
The simplest explanation of these observations is that these strains are 


competent to effect high levels of aminoacylation of trnaet 


tn vivo. 
The resolution of this discrepancy between the tn vtvo and in vitro 


Situations is noted elsewhere in "Results". 


Methtonyl-tRNA synthetase activity in class-2 revertants 


A major difficulty encountered in the preliminary analysis of 
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Table 6 


Met 


The percentage of tRNA which is aminoacylated tz vivo in several 


eclass-2 revertants. 


Source of Class Percentage of ernamet Relative ernaMet 

tRNA charged tn vtvo content per A560 unit 
AB1111 wild type 87 1.00 

CS50 metG mutant 26 1.00 

SU 31 revertant 76 0.76 

SU32 revertant 87 1.19 


The amount of methionine accepted per A560 unit of tRNA is expressed 
relative to the value obtained for the wild type strain (AB1111), 
which is taken as 1.0. The actual value cbtained for AB1111 was 0.34 
pmoles of L-methionine accepted per AD 6 unit of tRNA. 
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the class-2 revertants, was the inability to recreate tn vittro, the 
conditions responsible for the met” phenotype. It was subsequently 
observed that if the aminoacylation assay was performed on undialyzed 
extracts, these revertants show levels of methionyl-tRNA synthetase 
activity which are comparable to wild type. However, when the 

extracts were dialyzed against Nirenberg buffer or desalted on 

Sephadex G-25 equilibrated with this buffer, the activity was 
drastically reduced. The discrepancy observed between the tn vtvo and 
tn vitro Situations was therefore ascribed to inappropriate conditions 
attending the preparation of extracts. A series of experiments was 
undertaken to determine conditions more amenable to the recovery of 
synthetase activity in extracts of cZass-2 revertants. ATP, tRNA, MgCl. » 
and L-methionine, either alone or in combination, had no pronounced 
Stabilizing effect on synthetase activity during dialysis or passage 
through Sephadex G-25. However, the replacement of Nirenberg buffer 
with a buffer containing 20 mM potassium phosphate (pH 7.3), 10% glycerol 
(v/v), and 10 mM 2-mercaptoethanol, resulted in apparently complete 
Stabilization of synthetase activity in class-2 revertant extracts 
during dialysis or passage through Sephadex G-25. 

The results of a series of experiments in which various 
procedures were employed in the preparation of extracts of the eclass-2 
revertants are presented in Table 7. It can be seen that when extracts 
are prepared and dialyzed in the phosphate/gylcerol buffer (Method A) 
all of the revertants show a signifigantly higher level of synthetase 
activity than the metG parental strain CS57. This suggests that the 
mechanism by which these revertants regain methionine independence is by 


a mutation resulting in an increase in synthetase activity. Also; On the 
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- Table 7 - The effect of various preparative procedures on methiony? - 
tRNA synthetase activity in extracts of class-2 revertants. 


strain oviGlass Relative specific activity 
of methionyl-tRNA synthetase@ 


Method A Method B Method C Method 9 


ABI111 wtld type 1.00 0.81 1.08 1.96 
C357 metG mutant Oak 0.02 G02 0.02 
SU5 revertant 0.86 069 0223 0.01 
SU7 if Sh 2ls 0.65 0.8] 1.20 
SU9 ; 102 0.56 0.46 0.03 
SUT] 0.70 0.56 Ors 0.68 
SU13 : 0.97 0.40 0.36 0.01 
SU23 . 0.66 0.40 0.48 0.03 
SU24 : 0.83 0.78 0285 0.10 
SU28 i" OL arrt 0250 Oey 0.02 
SU3] ; 0.86 0.78 0.36 0.03 
SEY 4 i On99 0.6/7 0.66 0.02 
SU33 ¢ 0.89 0.42 0.32 0.01 
SU37 ‘ O01 0.44 yaya 0.01 
SU41 > Val d 0539 0.34 0.01] 
SU43 . 0.60 0.60 OF72 0.14 
SU44 ‘ 0.78 0.70 0.30 0.01] 
SU45 ‘ 0.69 0.42 0.20 0.03 
SU47 i 0.82 0.61 0.8] 1.14 
a 


The enzyme activities are expressed relative to the specific activity 
of the wild type strain (AB1111), which is taken as 1.0 for extracts 
prepared by "Method A". The actual specific activity is 2.33. The 
units of activity are defined under "Materials and Methods". 


The extracts were prepared by a variety of procedures as follows: 
(A) dialysis for 8 hr in 20 mM potassium phosphate (pH 7.3), 10% 
glycerol, and 10 mM 2-mercaptoethanol; (B) fresh undialyzed extract 
in Nirenberg buffer; (C) undialyzed extract in Nirenberg buffer 
incubated for 8 hr at 4° prior to assay; and (D) extract dialyzed in 
Nirenberg buffer for 8 hr at 4° prior to assay. 
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basis of the data in Table 7, a preliminary sub-classification of the 
revertants can be made. Those revertants which show an almost complete 
loss of activity during dialysis in Nirenberg buffer, represent the 
major subclass. The strains SU7 and SU47, which show no loss of 
activity under these circumstances, represent another class. The strains 
SU11, SU24, and SU43, which show an intermediate loss of activity, rep- 
resent a third subclass. As noted in the next section of "Results", a 
Similar but more complete subclassification can be made on the basis of 
other characteristic of the synthetase activity in these strains. 

Tas determinations for the class-2 revertants 

In the absence of other information, two simple hypotheses 
can be proposed to account for the restoration of synthetase activity 
observed in extracts of eZass-2 revertants. One possibility is that an 
increase in the amount of defective synthetase results in the observed 
increase in specific activity. The other possibility is that an alter- 
ation in the structure of the synthetase has resulted in partial or 
complete restoration of synthetase function. 

In order to distinguish between these two possibilities, the 
ae of the methionyl-tRNA synthetase of the cZass-2 revertants was 
determined by the pyrophosphate exchange assay. For this assay, extracts 
were prepared and dialyzed in a buffer containing 20 mM potassium 
phosphate (pH 7.3), 10% glycerol (v/v), and 10 mM 2-mercaptoethanol. 
The Lineweaver-Burke plots for this series of experiments are presented 
in Appendix II. The gen and Vmax values obtained from these plots 


are included in Table 8. From these results it can be seen that all of 


the ecZass-2 revertants have undergone a mutation which results in a 
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Substantial decrease in the Ket 


of the activation reaction. One of 
the revertant strains (SUI11) is indistinguishable from the wild type 
strain by this criterion. Also, at least two of the other revertants 
(SU24 and SU43), which are not distinguishable from one another, are 


Met which is 


readily distinguished from the remaining revertants by a Km 
only four-fold higher than that of the wild type strain (ABI1111). It 
Should be noted that these three strains are among those in which the 
Synthetase activity is relatively stable during dialysis in Nirenberg 
buffer. The two strains (SU7 and SU47) which show no loss of activity 
during dialysis in Nirenberg buffer (Table 7), cannot be distinguished 
from the major class of revertants on the basis of Kn It also 
appears that SU5 and SU28 represent another distinct class of revertants. 

From the distinctions afforded by the kee determinations, 
the instability during dialysis, and the thermal lability of the 
Synthetase, five sub-classes can be distinguished among the elass-2 
revertants. These sub-classes are designated class-2.1, 2.2, 2.3, 2.4, 
2.5 respectively. A summary of the criteria by which these classifica- 
tions were made is presented in Table 8. 

The interpretation of these results was that in each of the 
elass-2 revertants, a mutation had occured which resulted in a structural 
modification of the synthetase. By this reasoning, and as a matter of 
notational convenience, the metG allele designations of the class-2 
revertants have been adjusted by the addition of a numerical suffix 
corresponding to the number of the revertant strain (see Table 8). 

From the data presented in Table 8, it can also be concluded 
that the presence of a metJ or relA mutation has no appreciable effect 


on the kind or amount of methionyl-tRNA synthetase produced. 
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Thermal tnacttvatton studtes 


In an attempt to further distinguish among the class-2 
revertants, and in order to substantiate the classifications already 
made, the rate and extent of thermal inactivation of synthetase activity 
was determined. Undialyzed extracts prepared in Nirenberg buffer were 
subjected to a five minute incubation at 42°, then assayed by the amino- 
acylation assay. The results of this experiment are presented in 
Table 9. The synthetase activity in extracts of those revertants 
previously classified as class-2.1 or class-2.3 is seen to be very 
rapidly inactivated at this temperature, whereas the synthetase activity 
in extracts of the remaining revertants is relatively resistant to 
thermal inactivation under these circumstances. It should also be noted 
that although eclass-2.2 revertants cannot be distinguished from 


class-2.3 revertants on the basis of Kn" 


: determinations, they are 
readily distinguished by a differential stability during heat treatment 
or dialysis in Nirenberg buffer. The results of this experiment there- 
fore corroborate the classifications already made by other criteria. 

In order to examine the thermal inactivation of synthetase 
activity more rigorously, the kinetics of thermal inactivation were 
determined for representatives of several of the subclasses. The 
extracts were prepared in the phosphate/glycerol buffer and incubated 
at 42° for various times. The results of these experiments are 
presented in Figures 4 and 5. The rate of inactivation of SU11 is seen 
to be indistinguishable from the wild type strain AB111]1. Therefore,. by 


all available criteria this strain appears to be a true revertant in 


which the reversion mutation has restored the synthetase to its wild type 
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Table 9 - Thermal inactivation of methiony1-tRNA synthetase activity 
at 42° in class-2 revertants. 


Strain % residual activity Classification 
AB1111 98 wtid type 
SU5 , 6 elass-2.1 
SU7 103 EON Bae 
SU9 6 NE HWS 
SU11 100 ABA 92 
SU13 6 Ba i235) 
SU23 4 N 
SU24 80 Lire ete 
SU28 8 ea ed 
SU31 8 LN es) 
SU32 3 ¢ i! 
SU33 4 Hs uf 
SU37 20 iu v 
SU38 9 4 q 
SU4] 4 * i 
SU43 70 cco 
SU44 4 UD ees 
SU45 12 eas 


SU47 a7, Se She 


Extracts were incubated at 42° for 5 min prior to being assayed by 
the aminoacylation assay. 
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Figure 4 - Thermal inactivation of methionyl-tRNA synthetase activity 


in wild type and mutant strains at Te 


The relevant genotypes of the strains are as follows: AB1111 (metG ), 
CS57 (metG46), SU20 (metG46 metJ), SU1] (metG46-11). 
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Figure 5 - Thermal inactivation of methionyl-tRNA synthetase activity 


° 
in class-2 revertant strains at A2 , 


The strains SU24 and SU43 are class-2.0 revertants. The strains 
SU31 and SU37 are class-2. 6 revertants. 
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form. The two strains SU24 and SU43 previously classified as class-2.5, 
are not distinguishable from one another by this criteria, and may 
therefore represent identical mutations. The class-2.3 strains SU3] 

and SU37 represent a particularly interesting case. The initial rate of 
inactivation of synthetase activity is remarkably fast in that approx- 
imately 85% of the synthetase activity is lost during the first two 
minutes of exposure to the elevated temperature. This is followed by 

a very gradual decline in activity until an apparent plateau is 

reached at approximately 12% residual activity. This thermal lability 
is also expressed tn vivo since class-2.3 revertants require exogenous 


methionine for growth at temperatures above 37°. 


Mapping the reversion mutatton tn class-2.3 revertants 

Since all of the revertants were obtained as spontaneous 
mutants, it is assumed that a single mutation is responsible for the 
met” phenotype. In the class-2 revertants, the mutation has either 
occured within the structural gene for the synthetase or at some other 
Site resulting in the creation of an external suppressor. The two 
hypotheses can generally be distinguished by a variety of mapping 
experiments in which, for example, the original mutation is recovered by 
transferring it to a strain lacking the suppressor mutation, or the 
reversion mutation is introduced into the parent strain by cotransduction 
with a suitable marker. In the present case, the absence of a suitable 
selective marker which is cotransducible with the metG locus has made 
this a technically difficult problem. 

The approach used for mapping the reversion-mutation is based 


on the assumption that introduction of the wild type site by recombination 


at-oen Sa 2 borttaest a’ 


7 11> 
1eUe 
4 
34) 7 | 
— : dad 
> 
bd 
5 i 
i 
le © 


ten brs sshyeoiea afdaye vetivan sno 


ontette &.8 eats oat: ite ha Bot t ast ai 


Sit ; i} task. ufdsd iene oT stvive aa sit 2 *) nore 


oy Fy ioo28)..2e/ fit bjetu 14 fone & J Az bamue ow at at aon 


VS oe p ey ee ae eee ee p ’ FPA. id 7 is reaster 
2 eit. j ite ory. e rf} bu ISVE j =~B8on 8 oP led -taytone : 


nortstum-nobetevs sit | eniqgsat 0% ic 1260 "M aa oF 


hie i 


of? | -#289 pts estat bai A nel ‘@ an i 


4h: 
} ot pniavh ut 2F wit eka sph Ta te KER 
\ i : n ni sar ar hy r as 
} 2tdT “yetudane sed b revels 103 sora 3 30 eet 


jusnaqgs né [han (ShVEIoS f ot snp tosh. ft tiene hg 


dd ort. .vtivitos feub¥ese S87 ghaken mtuerng ihe pad 


Oe | 


all 


voy %. Regsnle SONTZ eter: a> hoes rigs. ) Bet 

‘ iu = : | 

\¢. svods gsi sySqmiad In worm: td 
wen RNS | a 7 


> Ke “eye oe 


& « ‘ ‘ | = 


- 


; ii 
a * , ens n 4 : ‘quake 7 = one 7" : 
yr “3-2b0ic s5 NGS a Ralereer eae ‘Qisrae 3 
- ; ; 7 m 
Ree, allies ; P : ‘ ") ve ae 
Us BE baNP ed syew einssisvey Ser Ww iter ' 
ee: 


eas 


Sie 


ts wa sentoitaye atg tot snsp Tavusor nde _ ft wn “ben yon 
ie [eitstxs nh TO NOTPeaTD inal ch wi Lied: 


lo ¥taheV-s vd baiztupniteth sd "el Panes PO neo sao dy 
>t nottetum Tanipine eft peTqnisxe vot ohiw bids sit 
tistum yoresyqque ond pnidost ntawgse 6 Jed sa . 

nt arse jneteq SA? oon} bsaubo wet 2 sien 


wWiseds Sh? ,.g269 Aatointins ont m2 Woayom tea 
had i oa ae 

yl Den oleate 3 {dt ouberieros at Avie “s ing: ote P pe 
: : /~ Ki eo ck 

~mafiong TtusraM 

cay eu 


7 _ 


soli ioe 


re: 


wa 
anal 


fete 
id athe sayd bitw ong to not daubersa t deity jilksctesn zee 


a 
ae are a 


61 


should result in restoration of the met phenotype. This approach 
requires that the site defining the metG46 mutation must not be 
removed by recombination and, therefore, precludes the use of metG” 
donor strains for mapping experiments involving the metG region of the 
chromosome. In order tO Savisty this Sefoliteice requirement, an Hfr 
strain (Hfr 312) which carries the metG46 mutation, and which has a 
point of origin near the metG locus, was constructed. 

A conjugal cross was performed between Hfr 312 (thr leu ara 
proA lac supE gal metG46 rspL xyl mtl thi) and SU31-I (F_ Lac. metG46-31 
his rspL glpK argH thi). Nutritional selection was applied against both 
donor and recipient by selecting for growth of recombinants on minimal 
medium supplemented with arginine and methionine. Of 40 his” recombin- 
ants recovered from this cross, 29 were met . This result therefore 
suggests that the mutation responsible for the met” phenotype in SU31 
is closely linked to the kis operon. Since this is the recion of the 
chromosome where metG is located, this result does not distinguish 
between a reversion mutation within the metG locus anda closely 
linked mutation outside the locus. Since Hfr 312 acts as a donor with 
a relatively low efficiency, an interrupted mating experiment was not 
feasable. A more detailed mapping of the reversion-mutation must await 
the construction of strains with selective markers which are cotrans- 


ducible with the metG locus. 


A rel-dependent methtontne requirement tn class-2.3 revertants 


During the course of mapping experiments designed to elucidate 


the location of the mutation responsible for the met” phenotype of 
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the class-2.3 revertants, it was observed that met recombinants were 
obtained at a high frequency from a conjugal cross between the met* 
strains Hfr KL16 (reZ41 thi) and SU31-A (F thr leu ara lac, metG46-31 
hia thyAtrephetht), Of: 104 thy” str” recombinants, obtained from this 
cross, 34% were met . The results of this experiment, included in 

Table 10, suggested that a locus which is in some way responsible for 
the met” phenotype of SU31-A, might be cotransduced with thyA. This was 
confirmed by transducing SU31-A with Pl prepared on X407 (Hfr H proB 
relAl thi). Of 312 thyA” transductants recovered from this cross, 1% 
were met (table 10). A similar transduction experiment revealed that 
the locus responsible for the met’ phenotype is cotransducible with 
argh. A Plvir lysate of X407 was used to transduce SU31-C (F thr leu 
ara Lac. metG46-31 his argA rspL thi). Of the 203 arg” transductants 
selected from this cross, 18% were met (Table 10). Since the argA gene 
is approximately 20% cotransducible with thyA, these results indicate 
the clockwise gene sequence to be "met" ,argA, thyA. 


+ ? 
In contrast to the above results, when rel strains were used 
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as donors under identical conditions, no met recombinants were recovered. 


For example, all of the 40 arg. str” recombinants recovered from a 


conjugal cross between Hfr 305 (thz) and SU31-C, remained met’. Similarly; 


When a Plu¢r lysate of the ancestral strain ABI111 (F thr Leu ara proA 
lae supE gal hts rspL xyl mtl thi) was used to transduce SU31-C, none of 
the 152 arg” transductants were met (Table 10). Similar crosses in 
which two other unrelated rel strains were used as donors produced the 


Same results. 


The interpretation of these results is that the introduction of 


the reZA1 mutation into SU31 results in the met phenotype. The 


ea + ee 
ed = tad Babe oo x55 
wis i 


rf ; ‘ ¥ ; ed we a bai : 
2fad mort be ne £3' jo 2308 nid 0381 nine 
\ wi 7 ’ oe Balk 
at bebuf oa? «Srsinoqs, 2169 30, adt we ot on 

| rf Aid ae aaa 7 ah ah sp ND P) _ 
10? afdiznogzs7 yew smog ni 2} datdw evoof geld b 
. . ae ; yo Bre une PRL ee 

: ; he chy i) pene a 
etal. Rent asiw basubenstdoo 6 d tripit <he We Yo 9 
i ‘roe ‘ee ee 

orig NovtH) TOPX cto beiaqatg: 19 igi ret (2Ue, “pntoubs eau 


; ; F 
he > = ew 
or 4 wre mAs Cy "Ty el bo f Hae, i 
5 Fee iy Dé WV on. 24 fG) SU gil » myer: 
Ma S 4 
: nif , - of 


ao 
nes, 


* 
- 
x 
Le 
* 


; SGKa Ao Fraub]eney2 I. nat hae a, 


fis ue 


ehadyoub 2st oD at say ONBEG "+ 9m anh 10 bile 
; aie ] 


a; 
ik 


aont "#) - ’ ooube t “ue p $s >t) ake CON Yo, 


| 7 
FS 7 


= a gad dase. ela idi a3 somo a2 one ‘ante fa or 


eel A ' 


Visvse fou nodW , as vest wads ott of. sdesrimes a. | uf 
1 atow 2insttdmoosy Som-.on ,enotttbags feat ns Abn - 
r bassvo29% etnentdamoey “ate p16 OF eat to is a 


. jam bentenes de feve bes (33) coe. vm Hissvdod 227 


~~ 
w 
— 
tc 
‘ 
_ 
cae 
ip 
7 
. 
=) 
“mall 
weet 
=a 
a 
» 
tt 
we. 
a 
™ 
a 
i 
a - 
—_ 
oy. 
.—s 
_— 
“ 
= 
be) 


iv . yd ee iy ria ” ; na “an ay : ig ey 7 7 i a; 
ie i . - iG if eh ir a 
nottoyborini aia Jedd 2h 2 3Tu297 seal %0 ratte aie a 


Yi os ’ 
ie san ch rm ies 


v an a | me Sal 


s oFT oqyson any: dem ont nt esta | 


study 4) 4 ETBA ntange fexdesons odd) Yo, sdseyh vty oe a 


ene as be Re zi 28W chew: sa tes damn Batis 2 que ae 


63 


inferred orientation of the locus responsible for the met phenotype 
is consistent with the relA,argA, thyA sequence reported by Fiil and 
Friesen (1968). Also, the 24% cotransduction frequency reported by 
Fiil and Friesen for the reZA and argA loci is similar to the 18% 
cotransduction frequency observed for the argA locus and the locus 
responsible for the met phenotype. 

A specific prediction of the hypothesis is that from a cross 
between SU31] and a reZA donor strain, only rel’ met” and rel” met” 
recombinants should be obtained. This was confirmed by a transduction 
experiment in which a Pl lysate of Hfr Rl] (reZAl metB tht) was used to 
transduce SU3]-C. One hundred and four arg’ transductants were 
scored for the rel phenotype and for the met phenotype. The results 
obtained from this cross were in perfect agreement with the prediction. 
Seventy-four of the transductants were rel’ met’ and thirty were rel” 
met . | 

The recessive nature of the mutation responsible for the met 
requirement was determined by introducing several rel” F plasmids into 
the rel met strain CS130 (F thr leu ara lac metG46-31 his relAl 
argA rspL thi) and the isogenic rel’ strain SU3I1-C. The FS strains KLF8 
/MA50 (F108 argA” relA’/ thr leu lac cys lysA mtl mal thi) and NF306 
(F160 argA” relA’/ leu his recA argG rspE rspL metB pyr), were mated 
with CS130 and SU31-C, then plated on an appropriate selective medium 
Supplemented with methionine. Fifty arg” merodiploids were retained 
from each cross and tested for a methionine requirement. In each case, 
all of the merodiploids were met’. In view of the previous report 
by Fiil (1969) that the reZA1 mutation is recessive, these results 


are consistent with the hypothesis that it is the reZAZ mutation which 
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is responsible for the met phenotype. The reciprocal experiment in 
which an FA plasmid carrying the reZAZ mutation is introduced into CS130 
and SU31-C was not performed since such an Ey plasmid is not available. 
Several attempts in this and several other laboratories (J.D. Friesen, 
personal communication) failed to produce such a plasmid. As might be 
expected, the met phenotype is also recessive to a gene carried on the 
F103 plasmid. This was demonstrated by introducing the F103 plasmid 
from KLF3/JC1552 (F103 his’ metG’/ leu lace supE gal trp his argG rspL 
mtLl metB mal) into CS130. Of 40 his” merodiploids recovered from this 
mating, all were met’. Since the F103 plasmid carries the metG locus 
but not the reZA locus, this result suggests that the met phenotype 

is dependent on the allelic condition of the metG locus. 

In order to demonstrate the the mutation responsible for tie 
met phenotype was not present in the parental strain, a Pl lysate of 
CS57 was used to transduce the rel met strain CS130. Of 156 arg” 
transductants recovered from this cross, 84% were met” (Table 10). 

This cotransduction frequency between argA and the locus responsible for 
the met phenotype is substantially higher than that observed for the 
previously noted transduction experiments. This discrepancy in trans- 
duction frequency, although unexplained, is consistent with previous 
observations by other workers (Ryan and Borek, 1971), who have noted that 
rel’ transductants or recombinants are preferentially recovered under 
Similar circumstances. 

The effect of the veZA1 mutation has been examined in several 
other eclass-2 revertants. Of 52 thy” str” recombinants obtained from a 
conjugal cross between the eZass-2.3 revertant SU32B (F thr leu ara 


lac. metG46-32 his thyA rspL xyl mtl thi) and Hfr CS126 (relA1 argA tht), 


Pt 3) 
ee ee ee Set an 
pl ipeeey® qxo- Fagor aia iv 
| ial a aL 4 
oeT29 oant baouband: at 2) 


= 


‘afdattnus boa at hime 


~ne2ott4 0.0) 2er vatsvedst- 1s 30 tani 
2 ib 


od taptm 2A.. bh R2e a, 6 fou spuborg. ot, | 


: 


it ac tebe snp 5 Of sviezaosy, 02 ine 
bimesfaq £004 aid ontpubontnt x (a bon eetznan 
AT: 0 " wNe4 y eer ery yx Try ty ea] po Se as \Yasem: ~ 
2 ; - a . +. ‘i a) ‘> 
“2bro siren Hid 08,90, _bbt@0 ont ( 
, ie 7 ws ue Coes a 
0! Drom add 2afiiss birmesiq F017 art, — Nal (ts 
3 eee Hi 
“tom, ont tant staappue ty 2311, aie oe 9 
,uaof Siem add Tout ba O2 ‘witette stig tp. a” - 
 sfdrznogesr motisium od&, of? otawe nas ab 3 Aid pele 
vi i 6 HBV 2 [a3 ST5C ord nf $9 $235 41) 100 evs 
16 Oc! 1 06123 afevte fom ten sig aoub anand py Ww 26% 

: ' ; SA ar 
. Som | a nth Lee We 
(OF afdelT). tem avow BBB Lazo efna mort? bar wre ae bans 


” 


, . : & 
2h tf oft bri ti Jer, naawts dq ¥ aneunent : nal toshensy y 
ip () weld vodotd, Ul [afinstedue 27. aq 
i ni f + 5" ! ‘ inl wATNSaxXs gt awhanett bes 


iverq dttw, taedetenda er banfeigxeny, daunds ts xongupan hod 


ev tes 


aton saved or y (ITOl e Ago Som ntsAl).2 vshn0M sorte donot 


iis 
Mindy 


y9bny. betsvess7 I fetinsisteng ‘a6 2tnedtdme ons ad as 


7 i 


if aponsnam 


fevsve2 nt beatmake need 26n ndkistom EMon.0 aa to ron 


Cat ee . =i e 
. . 4 . ; t 
movt beantetdo etrenidnens we, ‘wid Se. 20, 


eACK) ret ees “*) 4 « ISEUE in 53 “gy ‘ot B.S-nante 6 
rl j i ea 
. (34 Agere Lite) ested. HH. bits (rig. tans scour 
' - 
7 ta il | . A 
vi hr ra ae 


wank ie iia 


65 


"| B1qe, UL paquasaud SL pasn suLeuzs ayy yO SsadAjouebh a yajdwod ayl 


"uoLzebnfuod 


*Z-pouyoW (LL) SUuOLAONpsuedy ~2A1q S{-PpoyzPeW (Lt) + sa49M SassouUd sy BuLlwuojued UL pasn spoyzew sul 


e 


x0 AS ytgs Au3 Z yeu VAY. 2h-9020U Y-EPyNS 
%0 eG gars Aud Z , youl vhy? po-9FD128U Y-HZNS 
250 ae gars Aud C ,pow vhyt @e-97D70u g-ZENS 
29 L 9S ,bue L Jew [y7ed ybao [e-97D70U ELSI 
%0 Ov yats Bue 4 you ybao [¢-97)7eU 9- LENS 
VE vOl yoys Aud g , pou vhy+ [2-96920M Y-LENS 
40 Zl be [ _ you ybao T2-9PD7EU J-LENS 
%8 1 £02 ,bue L you Y6aD T2-97D72U J-LENS 
% 1 Be Aud L you vhy2 [¢-96D7eM Y-LENS 
SPUCULqUOddU S}ueULqUOdau adAqouaUd adAyousud 
_you % $0 uaquny P2799 18S = ,PouraW qUuaLdLIay quaLldLoay 


EVAL CLS) 
LE ete US. 
LUT eORSeLS) 
£599 

S0€ 4sH 

Pay Clee Ol 
LLLLAV 
Leo LOX 
a AS 9 SO) | 


4ouog 


"squequaAad Z-ssp70 UL adAyouayd alll ayy YOf BL qLsUOdsau sndo, e Hulddew - OL A1gGeL 


ae a Po 


. = ‘ 
. 2 « 
ti 


4.6 Tt. -s 
ES PYI 


ve co 7 a 
mF et pe ty 
: 1 fq ™* } 
a . @ i oP 
an a) re eo 
a ge? ep oa 
Gr cr tf al 
S28 Bb og 
=p”. 3 4 a = , 
2 12. he mh. 
i om Te | : ; 


enai-y wes 


> = 
a w co c 
en ee ee ™: 


ee 


ot 


«t- 
e 
a. 


C215 


a ae 


QSe-8y cut 
eae 


si 


2i-t Ss 


pfs 


_ 


$1 


66 


45% were met . In contrast, when Hfr CS126 was crossed with the 
class-2,5 revertants SU24-A (F thr Leu ara lac, metG46-24 his thyA 
rspL xyl mtl tht) or SU43-A (F thr leu ara lac, metG46-43 his thyA 
rspL xyl mtl thi), no met recombinants were recovered (Table 10). The 
elass-2.5 revertants are therefore distinguished by yet another criteria. 
This result also provides additional evidence that it is the allelic 
state of the metG gene which is the primary determinant of the met 
phenotype. 

Under the assumption that CS130 is met because of the reZAl 
mutation, it follows that one of the ways in which this strain can revert 
to become met’ is by reversion to rel. Unfortunately, reversion to 
rel” is expected to be much less frequent than forward mutation to metd 
or Sane > that rel” revertants might not be readily recovered. Forty 
spontaneous met’ revertants of CS130 were scored for their rel phenotype 
and found to be rel. It therefore appears that another class of 
mutants is preferentially recovered under such circumstances. 

In summary, it seems probable that the reZAi mutation is 
responsible for a methionine requirement in at least two of the 
revertants. A presentation of possible mechanisms for the reZ-dependent 


methionine requirement is outlined elsewhere in "Results". 


The involvement of the relA gene in the regulatton of methtontne 
btosynthests 

In view of the well established role of the reZA gene as a 
regulator of stable RNA synthesis, and the recently elucidated role in 


the regulation of histidine biosynthesis in Salmonella (Stephens et al., 
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1975), it seemed likely that the reZ-dependent methionine requirement 
of class-2.3 revertants represented a regulatory phenomenon. Within 
this context, it was considered possible that the synthesis of methionyl- 
tRNA synthetase and/or the methionine biosynthetic enzymes were under 
a form of regulatory control involving the reZA gene. 

A series of experiments were designed to test this hypothesis. 
In the first set of experiments, the strain SU31-C (F thr leu ara lac. 
metG46-31 hts argA rspL tht) and the otherwise isogenic rel. strain 
CS130 were used to study the effect of the reZAZ mutation on the 
synthesis of methionyl-tRNA synthetase and g-cystathionase (metc). 
Cultures of these strains were grown to mid log phase in minimal medium 
supplemented with twenty amino acids, then shifted to a medium 
containing all amino acids except methionine. The shift from repressing 
to non-repressing conditions (with respect to the methionine biosynthetic 
enzymes), when combined with the defective synthetase of these strains, 
is expected to induce the synthesis and accumulation of relatively high 
levels of ppGpp in the rel’ strain but not in the rel. strain. The 19 
amino acids were included in the growth medium since Stephens et al. 
(1975) have reported that these conditions cause a reduction in the 
basal level of ppGpp in a leaky rel. strain (such as the reZAz strains). 
The level of methionyl-tRNA synthetase activity and g-cystathionase 
activity was determined from samples of the cultures taken at timed 
intervals following the shift to methionine-free medium. 

The results of this experiment are presented in Figures 6 and 7. 
From the results presented in Figure 6, it is apparent that the rate of 
synthesis of g-cystathionase is dramatically increased in the presence of 


a functional reZA allele. From the results presented in Figure 7, it 
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Figure 6 - The kinetics of appearence of g-cystathionase activity 
in a rel. anda rel” strain following a shift to methionine-free 
medium. Enzyme activity is defined in "Materials and Methods”. 
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Figure 7 - Aminoacyl-tRNA synthetase activity ina rel’ anda rel 
strain following a shift to methionine-free medium. The closed 
symbols represent methionyl-tRNA synthetase activity. The open 
symbols represent isoleucyl-tRNA synthetase activity. The units of 
enzyme activity are defined in "Materials and Methods". 
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appears that the level of methionyl-tRNA synthetase activity is slightly 
higher ina rel’ strain than ina rel strain. Moreover, the difference 
in the activity increases substantially following methionine deprivation. 
This is in contrast to isoleucyl<tRNA synthetase activity which does not 
undergo a differential increase ina rel” strain following methionine 
starvation. Considered by itself, this result might be interpreted as 
evidence that the synthesis or degradation of methionyl-tRNA synthetase 
is under some form of regulatory control by the reZA gene. However, 
this conclusion is confounded by the evidence that at least two of the 
substrates for this enzyme, tRNA and methionine, also appear to be 

under some form of regulatory control by the reZA gene. Since these 
substrates are believed to be involved in the regulation of synthetase 
production, the influence of the reZA gene can not be ascribed to a 
primary effect under these circumstances. Also, since the synthesis of 
methionine in the rel. strain is occuring at a very low level, it may 
simply be that the rel. strain is not able to carry out protein 
Synthesis at a sufficiently tiigh rate. 

The potentially equivocal nature of the above results 
necessitated the construction of a pair of strains in which the endogen- 
ous level of methionine could be more precisely controlled. The strains 
B36 (Hfr H proB relAl metB36 tht) and Hfr 312 (proB metB36 tht) satisfy 
this requirement in that they have an auxotrophic methionine requirement 
which facilitates experimental control of the endogenous level of free 
methionine. These strains were grown to mid log phase in minimal 
medium containing all twenty amino acids, then shifted to a medium in 
which the methionine concentration was reduced to 2.5 uM. The culture 


was sampled at timed intervals and the specific activities of methionyl- 
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tRNA synthetase, 8-cystathionase, and ATP:methionine S-adenosyltransfer- 
ase were determined. The results of this experiment are presented in 
Figures 8-10. From the results presented in Figure 8, it appears that 
the amount of methionyl-tRNA synthetase is independent of the allelic 
condition of the reZA gene. This suggests that the differential level 
of synthetase activity observed for SU31-C and CS130 is a secondary 
effect due to methionine limitation in CS130, or is somehow due to the 
fact that these strains have an altered synthetase. 

In contrast, from the results presented in Figures 9 and 10, 
it seems that the rate of synthesis of g-cystathionase (metcC) and ATP: 
methionine S-adenosyltransferase (metx) is dramatically influenced by 
the allelic condition of the reZA gene. These results are therefore 
consistent with those previously obtained for 8-cystathionase in the 
SU31-C, CS130 strain pair. The slight initial increase in metk activity 
following methionine limitation in the rel strain (Fig. 10) is believed 
to represent experimental error. 

An identical experiment was also acrried out on the strains 
CS156 (F thr Leu ara tonA gal his xyl mtl metB thi mal) and the isogenic 
rel. strain CS157. The results obtained for these strains with respect 
to metC and metK activity were similar to those obtained with other 
pairs of strains. In addition, the’ activity of w°, w7-methylenetetra- 
hydrofolate reductase (metF) was measured (Fig. 11). From these results 
it is clear that the synthesis of this enzyme is also under a similar 
form of control involving the relA gene. 

It should be noted that the four strains B36, Hfr 315, CS156, 
and CS157 are not repressible for the synthesis of the methionine 


biosynthetic enzymes. That is, even in the presence of 1 mM L-methionine 
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Figure 8 - Methiony1l-tRNA synthetase activity following methionine 
deprivation in a rel” and a rel. strain. The units of enzyme activity 


are defined in "Materials and Methods". 
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Figure 9 - g-Cystathionase activity ina rel’ and a rel” strain 
following methionine deprivation. The units of enzyme activity are 
defined under "Materials and Methods". 
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Figure 10 - ATP:methionine S-adenosyltransferase activity ina rel” 
and a rel strain following methionine deprivation. The units of 
enzyme activity are defined under "Materials and Methods". 
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a rel” and a rel. strain following methionine deprivation. The units 
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these strains show relatively high levels of activity for the 
biosynthetic enzymes. The mutation responsible for this effect has not 
been identified, but in view of the current model for the regulation of 
methionine biosynthesis, it seems likely that these strains have an 
altered metJ product. This hypothesized alteration in mets might have 
arisen during the original isolation of the closely linked metB 
mutations, or might conceivably be due to a polar effect of the metB 
mutations on the metJ locus. 

In view of these observations, it appears that the synthesis 
of the methionine biosynthetic enzymes is stimulated by the presence of 
a functional reZA allele under conditions which allow partial expression 
of the stringent response. In view of recent evidence that the reZA 
locus codes for a ribosomally bound enyyme which catalyzes the formation 
of ppGpp from GTP and ATP (Sy and Lipmann, 1973), it seems unlikely that 
the relA product is directly involved in this phenomenon. By analogy 
with the recent results of Stephens et aZ. (1975) it seems probable that 
the effect is mediated by ppGpp which is acting to stimulate transcript- 
ion of the methionine biosynthetic enzymes. 

The fortuitous occurence of a non-repressible phenotype in 
four of the strains used for this study, indicates that the stimulation 
of synthesis of the biosynthetic enzymes is a regulatory control which 
is exerted in addition to the repression-derepression mechanism of 
control specific for this amino acid. 

In view of these observations, a specific mechanism can be 
proposed to account for the red-dependent methionine requirement of 
elass-2.3 revertants. Since this class of revertants has a defective 


methionyl-tRNA synthetase, the celi has a higher level of uncharged 
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by than the wild type strain. Ina rel” strain, the presence of 


tRNA 
a Signifigant proportion of uncharged tRNA results in the production of 
ppGpp by the product of the reZA gene. The accumulation of ppGpp 
stimulates the synthesis of the methionine biosynthetic enzymes and 
eventually results in an increase in the rate of methionine production 
to a level which is sufficent to overcome the Km defect of the synthet- 
ase. A rel strain is not able to respond in this manner, and is 
therefore unable to maintain the level of methiony1-tRNA'et required 
for continued growth. 

Indirect evidence for a threshold effect is derived from the 
observation that the metG17 and metG24 mutations, which have a elie 
which is only slightly higher than that of the metG46-31 allele, 
require exogenous methionine for growth regardless of the reZ phenotype. 
The implication is that at the level of aminoacylation in the class-2. 3 
revertants, a relatively slight decrease in the rate of aminoacylation 
will result in a met phenotype. It is relevant to note at this point 


that the reZA gene has no observable effect on the kind or amount of 


methiony1l-tRNA synthetase produced in ecZass-2.3 revertants (Table 8). 


Other revertants 

The strain CS62 was isolated as a spontaneous revertant of 
the strain CS54 (F thr leu ara proA lac supF gal metG46 his rspL xyl 
mtl tht). his revertant is exceptional in that it grows on minimal 
agar supplemented with homocysteine or cystathionine, but not homoseri- 
ne. This strain has highly derepressed levels of the metc and metK 


enzymes, but no detectable cystathionine-y-synthetase (metB) activity 
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when grown in minimal medium supplemented with homocysteine. The 
results of these enzyme assays are included in Table 11. 

The mutation responsible for this effect was localized by a 
conjugal cross between Hfr CS92 (relAl glpK argH rpoB tht) and CS62. 
Of 42 ilv’ leu'str” recombinants obtained from this cross, all had lost 
the ability to grow on homocysteine supplemented minimal agar. A 
transduction experiment was conducted in order to specify the map 
position more precisely. A Plvutr lysate of CS62 was used to transduce 
CS92. . One hundred arg” transductants, recovered from this cross on 


minimal agar supplemented with methionine, were scored for their met 
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phenotype, and for the ability to use glycerol. as a carbon source (glpk’). 


The results of this transduction, presented in Table 12, indicate that 
CS62 has a metB mutation. In addition, one of the transductants, 
retained for further study and designated CS62-C (Hfr reZA1 glpK metB 
metd tht), was subsequently found to be resistant to ethionine on 
minimal agar supplemented with homocysteine. This result suggests that 
CS62 also had a metJ mutation. This observation provides a convenient 
explanation for the highly derepressed levels of activity observed for 
the biosynthetic enzymes in CS62. 

In view of the fact that CS62 was isolated as a spontaneous 
revertant it seems possible that the metB metJ mutations in this strain 
represent a deletion for these two loci. This hypothesis demands that 
the metB mutation should not revert. To test this prediction, 
spontaneous or induced revertants of CS62-C were sought. A concentrated 
culture (i0!° cells/ml) was spread on a minimal agar plate and crystals 


of 2-aminopurine, ICR-191, and Nitrosoguanidine were placed on the agar. 
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This procedure repeatedly failed to produce any met” revertants. This 
evidence, although suggestive, is not compelling evidence for a 
metB-metJ deletion. Fine structure mapping experiments are required to 
provide unequivocal evidence for a deletion. The recent fine structure 
map of the met locus (Holowachuk, 1976) might prove useful in this 
regard. An alternative hypothesis is that the metB mutation is a polar 
mutation which prevents the synthesis of the methionine repressor 

form the closely linked metJ gene. In this event, the introduction 

of a polarity suppressor into CS62 should result in the disappearence 
of one of the two phenotypes. 

The only unclassified revertant CS68 (F thr leu ara lac. 
metG46 his rspL xyl mtl tht) was isolated from the parental strain 
CS57. This exceptional revertant grows on minimal agar supplemented 
with homoserine, cystathionine, or homocysteine, but not on minimal 
agar. Enzyme assays performed on extracts of this strain suggest that 
jt is not derepressed for the synthesis of the methionine biosynthetic 
enzymes in general (Table 1?). 

The mutation responsible for this phenotype was first 
localized by a conjugal cross between Hfr CS92 and CS68. Of 50 leu" 
str” recombinants, 10 were glpK and were no longer able to grow on 
homocysteine supplemented minimal agar. Since this result suggested a 
location in the metJ region, a transduction was performed in which a 
Pl lysate of CS68 was used to transduce CS63 (F leu ara lac metG46é 
his rspL xyl mtl argE thi). Of 90 arg’ transductants, 24 were able to 
grow on homocysteine supplemented minimal agar. This cotransduction 


frequency is approximately that expected for a metJ mutation. 
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A further characterization of this mutant was not attempted. 


It was. also observed that this mutant has become phenotypically 
thr’. Since it is difficult to reconcile this observation with other 
aspects of the phenotype of this strain, no hypothesis is proffered 


to account for the suppression of the metG4é mutation. 
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Table 11 


Enzyme assays for two unusual revertants. 


Strain Relative specific activity® 
B-cystathionase cystathionine- ATP:methionine 
y-synthetase S-adenosyltransferase 

(metC) (metB) (metK) 

AB1111 1.00 1.00 1.00 

ES6z Vena? 0 6nc9 

CS68 0.45 - 1.00 

a 


The enzyme activities o* the revertant strains are expressed 
relative to the specific activity of the wild type strain (AB1111), 
which is taken as 1.0 in each case. The actual specific activities 
were: (i) B-cystathionase, 0.11; (ii) cystathionine-y-synthetase, 
0.12; (iii) ATP:methionine S-adenosyltransferase, 9.08. The 

units of activity are described under "Materials and Methods". 
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Table 12 


A transduction experiment demonstrating linkage between argH and a 
mutation responsible for homocysteine auxotrophy in CS62. 


Selected phenotype recombinant phenotype number of recombinants 
argh” glpK met” 75 
3 glpK met~ 15 
x glpk” met” 1 
i gpk" met 14 


The donor in this cross was CS62 and the recipient was Hfr CS92 (glpK 
argH). 
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DISCUSSION 


Six new methionyl-tRNA synthetase (metG) mutants have been 
isolated and partially characterized. These mutants are similar to 
the metG mutants previously described (Calendar and Lindahl, 1969; 
Blumenthal, 1972; Armstrong and Fairfield, 1975) in that they require 
exogenous methionine for growth. The methionine requirement of these 


Met of the methionine 


mutants appears to be due to an increase in the Km 
activation reaction catalyzed by methionyl-tRNA synthetase (Ahmed, 1973). 
At least two, and possibly four, non-identical alleles can be distingui- 


shed among the six mutants on the basis of differences in the ae 


The Km TP 


for one of these mutants was also determined, and was found to 
be essentially unaffected by the mutation. This result suggests 
relative independence of the methionine binding site from the ATP 
binding sites of the enzyme, and is consistent with biochemical analysis 
of the wild type enzyme by Fayat and Waller (1974). A previous analysis 
of a similar metG mutant revealed no alteration in the Km for trnaMet 
(T. Clandinin; cited in Ahmed, 1973). 

All of the metG mutations are recessive to the metG” gene 
which is present on the F103 or F1829 plasmids but not on the F196 or 
F1977 plasmids. These observations suggest a location for the metG 
locus in the hag-flaE interval of the chromosome. The results of a 
transduction experiment in which several loci in this region were 
cotransduced with metG, are consistent with the proposed location. 

In addition, the previous mapping experiments by Ahmed (1973) are 


consistent with this location. The proposed location in the 


cluster of fZa genes varies by several minutes from 
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the location suggested in the recent linkage map of Bachmann et al. 
(1976). The map position suggested by Bachmann et al. is derived from 
the data of Blumenthal (1972) in which the map position of metG 
appears to have been assumed rather than demonstrated by any mapping 
experiments 

A previous analysis of several met” revertants of a metG 
mutant of &. colt revealed a class of revertants in which no satisfac- 
tory mechanism could be proposed to account for the restoration of 
methionine independance (Ahmed, 1973). In contrast to the results of 
a similar study in Salmonella (Chater et aZ., 1970), these revertants 
were not derepressed for the synthesis of the methionine biosynthetic 
enzymes, and did not show any restoration of aminoacylation activity. 
Since trivial mechanisms could not be invoked to explain these revert- 
ants, a detailed analysis of the reversion pattern of one of the newly 
isolated metG mutants (metG46) was undertaken. 

Forty spontaneous revertants of a strain harboring the metG4é 
mutation were obtained as mutants which no longer required exogenous 
methionine for growth. The choice of these forty revertants from among 
the several thousand which were isolated, was made in such a way that 
methionine excreting metK mutants were discriminated against. In 
addition, an unsuccesful attempt to recover a revertant in which an 
amber mutation was responsible for the met” phenotype effectively 
resulted in the selection of revertants which grow poorly on lactose 
minimal agar. The procedure by which revertants were selected for 
further study was therefore biased, so the analysis may not accurately 
reflect the relative frequency with which various classes of revertants 


arise. 
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The revertants obtained in this manner were first character- 
ized on the basis of a repressible versus a non-repressible phenotype 
with respect to the levels of one or more methionine biosynthetic 
enzymes. All of the members of the non-repressible category (cZass-1) 
were characterized as metJ mutants by the demonstration that these 
strains have a mutation which is located close to the metB locus and 
which, when transduced into an otherwise ethionine sensitive strain, 
conferred an ethionine resistant phenotype. The met” phenotype of the 
elass-1 revertants is therefore ascribed to a metJ-mediated increase 
in the synthesis of the methionine biosynthetic enzymes. The increased 
synthesis of the biosynthetic enzymes results in an increase in the 
endogenous methionine pool to a concentration which is sufficent to 
allow adequate aminoacylation by the altered synthetase. This class of 
revertants is therefore similar to those characterized by Chater et al. 
(1970). 

The other class of revertants (cZass-2) appears to be 
normally regulated with respect to the synthesis of the methionine 
biosynthetic enzymes. These mutants presumably correspond to the 
unexplained revertant class noted by Ahmed in that, when extracts of 
these mutants were prepared according to the procedure described, most 
of these revertants showed very low levels of synthetase activity. It 
was subsequently observed that the low level of methiony1-tRNA 
synthetase activity in these revertant strains was due to the inactiva- 
tion of the mutant synthetase during dialysis or desalting on Sephadex. 
Similar instability of mutant synthetases has been noted previously 
for other aminoacyl-tRNA synthetases (for example, Milkulka et ail., 


1972). 
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Although glycerol is routinely used to stabilize many of the 
aminoacy!-tRNA synthetases, it has no effect on the stability of the 
wild type methionyl tRNA synthetase. However, when extracts of the 
elass-2 revertants are prepared in the presence of 10% glycerol, the 
synthetase activity is not lost during dialysis. Under these conditions 
all of the cZass-2 revertants show a partial or complete restoration of 
synthetase activity to a level which is sufficent to account for the 
met™ phenotype of these strains. Also, all of the class-2 revertants 


Met for the methionine activation 


show a substantial decrease in the Kn 
reaction when extracts are prepared in the presence of glycerol. It is 
therefore concluded that these revertant strains have undergone a 
mutation, either within the structural gene for the synthetase, or at 
some other location, which results in an alteration of the enzyme 
function. 

Four distinct classes of revertants were distinguished on the 


basis of KnMlet 


determinations and a fifth class was distinguished by 
a differential stability of synthetase activity during dialysis or 
exposure of extracts to elevated temperatures. There are therefore at 
least five different mutations which can result in partial or complete 
restoration of synthetase activity. Two subclasses of the class-2 
revertants have a methionyl-tRNA synthetase which was very rapidly 
inactivated when extracts were incubated at 42” prior to assay. This 
property corresponds with the zn vivo phenotype in that these strains 
are met’ at 30-37. but met at temperatures above ae 

An approximate location for the reversion mutation in one of 


the temperature sensitive revertants was obtained by a conjugal cross. 


The mutation appears to be closely linked to the his-operon and close 
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linkage to the metG locus is therefore inferred. Because of technical 
difficulties it has not been possible to define the exact map location 
of the reversion mutation. 

Two other revertants which were able to grow on methionine 
intermediates were also isolated and partially characterized. One of 
these unusual revertants exhibits the characteristics of a double 
(metB mets) mutant. In view of the fact that this revertant was 
isolated as a spontaneous mutant, it seems likely that a single 
mutational event has given rise to the two phenotypes. For example, a 
deletion extending from the metB gene into the closely linked metJ gene 
could account for this effect. Since the metB mutation does not revert 
either spontaneously or by treatment with several different mutagen: , 
the evidence is consistent with this hypothesis. An alternate, but 
less likely possibility, is that metB and metJ are part of a common 
transcriptional unit. In this event, a polar mutation in one of these 
loci could prevent expression of the adjacent locus. Fine structure 
mapping experiments are required in order to resolve these hypotheses. 

Another revertant which requires methionine intermediates 
for growth was also recovered. The reversion mutation in this strain 
has been localized in the region of the chromosome where metd and 
several of the methionine biosynthetic genes are located, but this 
strain does not appear to be derepressed for the synthesis of the 
methionine biosynthetic enzymes. Since the available evidence suggests 
that normal levels of the biosynthetic enzymes are not sufficent to 
convert exogenous precursors to methionine at the level required by 
the defective synthetase, this mutant is anomalous. The analysis of 


this revertant is further confounded by the observation that the thr 
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mutation (threonine requirement) of this strain is also suppressed in 
this revertant. This revertant remains unexplained. 

During the course of mapping experiments involving the 
class-2.3 revertants, two widely separated loci were found to be 
involved in the maintenance of the met” phenotype of these strains. 

One of these loci, subsequently identified as the site of the reversion 
mutation, is closely linked to the #ts-operon and is believed to be 
within the metG gene. The other locus is closely linked to the argA 
gene. When argA is the selected marker in a cross in which a strain 
with the reZAz mutation serves as the donor, met recombinants of the 
class-2.3 revertants are recovered at a high frequency. In contrast. 
when an otherwise isogenic rel” strain is used as the donor, met. 
recombinants are not recovered. This result was interpreted to mear. 
that the introduction of the reZA1 mutation into these strains was 
responsible for the met phenotype. The results of a transduction 
cross confirmed that the mutation responsible for the met phenotype 
was identical with the reZAz mutation. In particular, a transductional 
cross in which a rel” strain was used as a donor and a met rel” 
elass-2.3 revertant was used as the recipient, produced only met” rel” 
and met rel transductants. 

Since the eee of the methionine activation reaction 
catalyzed by extracts of elass-2.3 revertants is not affected by the 
allelic condition of the reZA locus, it was concluded that the 
rel-dependent met phenotype was not due to an alteration of the 
synthetase function. In view of the well-established involvement of the 
relA locus in the regulation of rRNA synthesis (Lazzarini and Dahlberg, 


1971) and tRNA synthesis (Ikemura and Dahlberg, 1973), it was 
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postulated that the reZ-dependent methionine requirement also 
represents a regulatory phenomenon. Within this context it was 
considered possible that the synthesis of either methiony1l-tRNA 
Synthetase and/or the methionine biosynthetic enzymes were under a form 
of regulatory control involving the reZA locus. This was examined by 
observing the rate and degree of synthesis of these enzymes in several 
pairs of strains under conditions in which partial expression of the 
stringent response was induced by limiting the availability of methion- 
ine . It was observed that under conditions in which the endogenous 
Ah TEE concentration was low, the reZAZ mutation had no pronounced 
effect on the level of wild type methiony1l-tRNA synthetase activity. 

It therefore appears that the regulation of the synthetase is not 
affected by the allelic condition of the reZA locus. It should be 
noted however that the synthetases are in general subject to rapid 
inactivation under conditions which limit the supply of the cognate 
aminoacyl-tRNA (Williams and Neidhardt, 1969). This fact has thwarted 
several previous attempts to study the regulation of the synthetases 
and has resulted in the development of special techniques, not employed 
in this study, which partially ameliorate these difficulties. The 
conclusion from such studies has generally been that the synthetases 
are under a repression-like mechanism of regulation in which the charged 
cognate tRNA acts as the repressor or corepressor. Since these 
experiments have consistently ignored the reZ phenotype, they might be 
considered suspect since the presence of a large proportion of 
uncharged tRNA will, ina rel” Strain, be accompanied by a high level 
of ppGpp production. Therefore, the increased synthesis of aminoacy]- 


tRNA synthetase observed in these experiments could conceivably be due 
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to the stimulation of transcription by ppGpp or some derivative thereof 

In contrast to the negative results obtained for the methionyl- 
tRNA synthetase, it was observed that the synthesis of the methionine 
biosynthetic enzymes is dramatically affected by the allelic condition 
of the reZA gene. Under conditions of methionine limitation, the rate 
of synthesis of two of the biosynthetic enzymes was observed to be much 
higher in a rel strain than in a rel strain. In addition, the 
Synthesis of one of the enzymes involved in methionine utilization 
(ATP:methionine S-adenosyltransferase) was affected in a similar manner. 
The increased rate of synthesis of these enzymes ina rel” strain 
appears to be due to a mechanism which is distinct from the metJ-media- 
ted repression regulation of these enzymes. This is inferred from the 
results of several experiments in which non-repressible strains were 
used. Under these conditions a rel strain showed no increase in the 
rate of synthesis of the biosynthetic enzymes following methionine 
limitation, wheras an otherwise isogenic rel” strain showed a dramatic 
increase in the rate of synthesis of these enzymes. Furthermore, even 
under conditions in which methionine was present in the growth medium 
at high concentrations (1mM), the level of g-cystathionase (metC) was 
at a substantially higher level in a repressible rel” Strain than in 
an otherwise isogenic rel strain. This result suggests that the 
product of the reZA gene is able to stimulate synthesis of the 
biosynthetic enzymes even under conditions in which.repression of these 
genes is in effect. 

These observations are superficially similar to the tn vivo 
results of Stephens et aZ. (1975) who reported that under comparable 


conditions, the rate of synthesis of the histidine biosynthetic enzymes 
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of Salmonella is at a substantially higher level ina rel” strain than 
in arel strain. They also presented evidence that in an in vitro 
transcription system, ppGpp (guanosine 5 -diphosphate 3 -diphosphate) 
provokes a specific increase in the rate of transcription of his-operon 
DNA. Since ppGpp has been shown to be the primary product of the reZA 
gene (Sy and Lipmann, 1973; Haseltine and Block, 1973), these observat- 
ions provide a convincing cause and effect relationship between the 
allelic condition of the reZA gene and the rate of synthesis of the 
histidine biosynthetic enzymes. These results also lend credence to 
the previous report by Reiness et az. (1975) that, in an in vitro 
transcription system, ppGpp inhibits the transcription of rRNA but 
stimulates the transcription of trp-operon DNA. Therefore, it appears 
that ppGpp is in some way responsible for both the inhibition of rRNA 
synthesis and the stimulation of transcription of the amino acid 

(<.e., histidine and tryptophan) biosynthetic enzymes in a rel” strain 
following amino acid limitation. The precise mechanism by which ppGpp 
mediates these effects is unknown, but it has been suggested by 

Reiness et al. (1975) that ppGpp may interact with RNA polymerase in 
such a way that different classes of promoters are recognized with 
different efficencies. 

From results presented here, and by analogy with the results 
of Stephens et al. (1975), it seems apparent that the synthesis of the 
methionine biosynthetic enzymes is under two complementary forms of 
regulatory controls. One level of control is pathway specific and 
presumably responds to the absolute concentration of methionine in the 
cell. Regulation at this level is mediated by the metJ repressor, 


which in the presence of a wild type metK gene, regulates the synthesis 
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of the biosynthetic enzymes in a negative manner (Ahmed, 1973; 
Holowachuk, 1976). The role of the metkK gene in this repression 
mechanism is poorly understood but may reflect the involvement of 
S-adenosylmethionine as a corepressor (Hobson, 1974; Morowicz, 1975). 

In addition to this pathway specific form of negative 
control, it appears that methionine biosynthesis may also be subject to 
a general form of positive control. This regulatory system requires 
the presence of a functional reZA gene. The protein specified by this 
gene recognizes an inadequate supply of any amino acid at the level of 
translation, and responds by producing a non-specific signal ( or alar- 
mone, Stephens et aZ., 1975) which is presumably ppGpp. It appears 
that even under conditions in which the synthesis of the methionine 
biosynthetic genes is partially repressed, the alarmone can provoke 
an increase in the rate of transcription of the biosynthetic genes. 
Presumably, the degree of stimulation is contingent upon the 
availability, as determined by the pathway specific regulatory 
mechanism, of a particular gene or operon for transcription, and 
the level of ppGpp within the cell. In this way the interaction 
of this relatively non-specific signal with the pathway specific 
regulatory mechanism can result in a relatively specific form of 
positive control. For example, under conditions in which methionine is 
the only limiting amino acid, it will be primarily methionine biosynthe- 
sis which is stimulated by the accumulation of the rveZ-alarmone. 

This form of control is therefore analogous to the regulation 
of the catabolite sensitive genes. In this system, cAMP (adenosine 
cyclic rasce monophophate) serves as the alarmone which signals an 


inadequate level of glucose. cAMP interacts with CAP (catabolite gene 
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activator protein) which binds to DNA at promoter sites and stimulates 
transcription of catabolite repressible genes (Zubay et aZ., 1970; Riggs 
et al., 1971). This relatively non-specific signal stimulates the 
synthesis of only those genes which are inducible and therefore results 
in a specific stimulation of synthesis of the gene products which are 
appropriate to the prevailing environmer:tal conditions (for example, 
availability of a particular carbon source) 

It is apparent that whatever the precise mechanism by which 
the reZA gene exerts a stimulatory effect on amino acid biosynthesis, 
it must be a relatively flexible system so that it can interact with 
very divergent forms of pathway specific regulatory systems. For 
example, the scattered genes of the methionine biosynthetic pathway 
are regulated in a negative manner by a protein repressor, wheras the 
his-operon appears to be regulated in a positive manner by an activator- 
attenuator mechanism involving trnatls (Artz and Broach, 1975). The 
observation that methionine biosynthesis is subject to control by the 
relA gene supports the suggestion of Stephens et aZ. (1975) that the 
synthesis of all amino acids is under this form of control. The 
advantage of such a regulatory system is that, in conjunction with the 
pathway specific regulatory mechanisms, the reZA gene provides a 
mechanism for coordinating the eyatnesie of all amino acids with 
respect to a demand at the level of protein synthesis. 

The observation that the synthesis of ATP:methionine S-adeno- 
syl transferase is also under positive control by the reZA gene 
suggests that a class of enzymes other than amino acid biosynthetic 
enzymes are under some form of control by the reZA gene. It is not 


immediately obvious why metK is under this form of control. Since 
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metK can be considered as a structural gene in several biosynthetic 
pathways (z.e., aS an isopropylamine donor in polyamine biosynthesis, 
Tabor et aZ., 1961), it seems possible that one or more of these 
pathways is also regulated by reZA. 

In view of the conclusions regarding the regulation of 
methionine biosynthesis, a specific mecnanism can be proposed to account 
for the reZ-dependent methionine requirement of the cZass-2.3 revertants. 


Met of the methionine 


These strains have a 20-fold increase in the Kn 
activation reaction. It is therefore suggested that the defect in the 
methiony1l-tRNA synthetase is so severe in these strains, that they 
require a relatively high level of methionine production in order to 


Met 


effect adequate aminoacylation of tRNA This is substantiated cy 


the observation that the rel” metG strain CS49., which has a 25-fold in- 


Met, requires exogenous methionine for growth. Tne pathway 


crease in Km 
specific regulatory mechanism recognizes only the absolute methionine 
concentration and therefore does not respond to the demand for methion- 
ine at the level of translation. However, in the presence of a 
functional reZA gene, the cell responds to a deficiency of methionyl- 
trnavet by stimulating amino acid biosynthesis even under conditions 

of partial repression. The introduction of a reZA mutation into these 
strains renders the cell HSarerEnve to the presence of uncharged tRNA 
and results in a reduction in the rate of synthesis of methionine to 
the point that adequate charging is not effected by- the defective 
synthetase. It should be noted that this rezZ-dependent amino acid 


requirement must be at the level of translation. That is, a leaky 


auxotrophic mutation would not be expected to behave in this manner 
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Since such a mutation would be expected to lead to derepression of 
the biosynthetic pathway due to a reduction in the absolute concentrat- 
ion of the amino acid. 

The identification of the strains with a reZ-dependent amino 
acid requirement provides an in vtvo confirmation of the regulatory 
role of tha reZA gene in amino acid biosynthesis. In addition, it is 
now possible to recognize the allelic condition of the reZA gene by 
a nutritional requirement. This should facilitate the genetic analysis 
of the components of the reZ-dependent regulatory system. The genetic 
analysis can proceed in two ways. By using a rel met parental strain, 
and selecting for met revertants, it should be possible to recover new 
classes of mutants in which methionine biosynthesis is independent of 
the relA gene, or in which the loss or alteration in some other 
function results in a rel” phenocopy. For example, in the presence of 
a leaky reZA mutation (t.e., relA1), a spoT mutant (Laffler and Gallant, 
1974) which is defective in the turnover of ppGpp, might be expected to 
give rise to met revertants. This is due to the fact that under these 
conditions ppGpp will accumulate to levels approaching that observed in 
a rel” strain. It also appears that other classes of revertants will be 
obtained. A preliminary investigation of the feasibility of this 
approach resulted in the recovery of a class of temperature sensitive 
mutants in which the reversion mutation has not occured in the reZA 
gene or in the metG gene (Appendix 1). 

Alternatively, it should be possible to obtain single step 
rel met mutants of a rel” met” class-2.8 strain by forward mutation. 
Two classes of mutations are expected in this case, those affecting the 


production of ppGpp, and those which render the transcription apparatus 
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insensitive to ppGpp. The first class of mutants is expected to include 
new reZA mutants or mutations in ribosomal genes affecting reZ function 
(for example, the reZC mutants of Parker et aZ., 1976). Since the 
precise function of the reZA gene as a component of the translational 
apparatus is poorly understood, a temperature sensitive or amber relA 
mutation would be particularly interesting. New reZ mutations in 
ribosomal proteins might prove useful as a means of mapping the 
topography of the ribosome. 

The other, as yet unidentified class of rez mutants, is that 
in which the cell does not respond to the production of ppGpp. 
Following the suggestion by Reiness et az. (1975) that ppGpp may 
interact with RNA polymerase to modify the recognition of different 
classes of promoters, it may be possible to obtain a mutant form of RNA 
polymerase which is insensitive to ppGpp. Such a mutant would be 
expected to be a dominant reZ mutant with respect to RNA synthesis, but 
recessive with respect to the regulation of amino acid biosynthesis. 
Another possibility is suggested by the analogy between the reZ 
dependent form of control and the catabolite sensitive gene system. In 
this system, the alarmone (cAMP) does not interact directly with RNA 
polymerase. Instead, cAMP interacts with a non-essential protein which 
binds to specific promoter sites and enhances the rate of transcription 
from these promoters. The implication is that one or more proteins 
similar to CAP may exist, which interact with ppGpp to bring about a 
modification of transcriptional specificity. Assuming the existence of 
a single protein with this function, a mutation in the corresponding 


gene should be expressed as a recessive red mutation. 
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In summary, a positive component of the regulatory system 
for methionine biosynthesis has been discovered. The regulatory 
network incorporates a pathway specific form of negative control anda 
non-specific form of positive control involving the reZA gene. Ina 
addition, a system has been developed in which the allelic condition 
of the reZA gene can be recognized by aii amino acid requirement. The 
use of this system should facilitate the analysis of the components of 


the red phenomenon. 
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APPENDIX 1 


An tnereased phosphate requirement tn class-2.8 revertants 


The eclass-2.3 revertant SU31 (F thr Leu ara Lacan metG46-31 


his rspL xyl mtl thi) has a doubling time of approximately 130 min in 
L broth at 30 . Under identical conditions, the parental strain CS50 
(F thr leu ara proA lae supE gal metG46 his rspL xyl mtl tht) has a 
doubling time of only 70 min. As a result of experiments designed to 
determine optimal growth conditions for SU31, it was discovered that 
the doubling time of this strain could be reduced to 65 min at 30. by 
increasing the phosphate concentration of the medium. A satisfactory 
medium for the growth of these strains is the LP broth noted in the 
"Materials and Methods" section. The form of the phosphate does not 
seem to be important since the growth of SU31 is identical in either 
sodium or potassium phosphate. Addition of 1% NaCl to the LP broth 
does not cause any inhibition of growth rate. The reason for this 


effect is not known. 


Serine senstttvity tn SU81 


The growth of the elass-2.3 revertant strain SU31 is 
completely inhibited by high levels of serine. This was observed by 
spreading 0.1 ml of a saturated L broth culture on a minimal agar 
plate, then placing a crystal of L-serine in the center of the plate. 
After 36 hr of incubation at 30, a clear zone of inhibition was 
observed in the center of the plate. Under identical conditions, 


serine has no effect on the growth of the wild type ancestral strain 
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AB1111 (F thr leu ara proA lae supF gal his rspL xyl mtl thi). 
Under similar circumstances, none of the other 19 amino acids had 
any inhibitory effect on the growth of SU31. 

This effect may be related to the observation that serine 
reverses the trimethoprim induced stringent response in rel” strains 


(noted in: Ikemura and Dahlberg, 1973). 


Parttal charactertzatton of a met* revertant of CS130 


Twenty spontaneous met” revertants of the strain CS130 (F. 
thr Leu ara Lac, metG4é-31 his relAl argA repl tht) were selected on 
minimal agar at 30 One of these revertants, tentatively designated 
RV3, was “ound to be temperature sensitive on L broth agar at 38 
Several mapping experiments suggest that the reversion mutation in this 
strain has not occured within the reZA gene or the metG gene. A conjugal 
cross was performed between Hfr KL16 (reZA1 tht) and RV3. Thirty-five 
argA str” recombinants were recovered from this cross and all were 
temperature sensitive and met. These results imply that the reversion 
has not occured within the reZA gene. A conjugal cross was also 
performed between Hfr KL96 (reZAl tht) and RV3. All of the 50 his” str” 
recombinants recovered from this cross were temperature sensitive. 
This result implies that the reversion has not occured within the metG 
gene. 

Although these results are merely exploratory, they suggest 
that a third gene, which makes an indispensible product, is interacting 
with either the product of the reZA gene or the product of the metG 


gene. In view of the fact that at least one ribosomal protein has been 
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implicated in the stringent response (Parker et al., 1976), it 
seems likely that the reversion mutation in RV3 is in one of the 


ribosomal proteins affecting the function of the reZA product. 
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